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INTRODUCTION 
The present study deals with the learning of psychomotor skills, 
or sensory-motor skills, in particular with the learning of a 
compensatory tracking task. 
A study of psychomotor skills is concerned with the experimental 
investigation of basic learning processes in human subjects. A 
study of basic learning processes, therefore, has in general two 
aims. First, attempts must be made to detect the processes or 
mechanisrrs involved in the production of a single response, i.e. 
the aim is a functional analysis of the responding system. The 
second aim is to trace the changes in these processes or mecha-
nisms resulting from repeated response production, in order to 
yield a description of the skills learning process. 
A survey and discussion of studies concerned with the detection 
of components supposed to mediate between stimulus and response 
in skills is given in Chapter I. In this Chapter special atten-
tion will also be given to relevant models of choice reaction 
time. In Chapter II different measurement techniques, often used 
to measure tracking performance, are reviewed with respect to 
their suitability for a functional analysis of the tracking task 
employed in this study. 
A definition of the measured variables, a description of experi-
mental arrangements and data processing is given in Chapter III; 
moreover a method is discussed to provide a general description 
of experimental results, using black box approach. 
In Chapter IV the responding systerr in the tracking task is ana-
lysed experimentally; this results in the construction and vali-
dation of a model describing the responding system. Some experi-
ments on the functional components of the responding system are 
undertaken in order to determine their role in the total learn-
ing by the system. 
A detection and decision theory approach to gradual learning pro-
cesses is discussed in Chapter V. 
In Chapter VI a final evaluation of the model as developed in 
Chanter IV is given; results of the experiments on the functional 
components of the model are discussed; the influence of delayed 
feedback on learning by the system as a whole is described; final-
ly, some notes are put forward on some aspects of mental load re-
search . 
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Chapter I . 
COMPONENTS OF SKILLED PERFORMANCE. 
1.1. Introduction . 
The functional analysis of skills is sometimes (л/elfard, 
196Û) said to begin with the now classical study of the 
human operator by Craik (1943). In his study, the brain, 
formerly considered to he either a switchboard between 
reflex arcs or a field of interacting forces, was now 
conceived of as a kind of computer processing various 
inputs to varying, though lawful outputs. The merit of 
this conception lies, according to Welford (I960), in the 
fact that it stresses the significance of the search for 
"a relatively few fundamental mechanisms which could en-
able us to bypass or substantially shorten a great deal 
of ad hoc study of particular human operations" (p.190). 
A thoroughgoing investigation of psychomotor skills lite-
rature, and studies on choice reaction time, reveals that 
at least three central elements are assumed to process the 
stimulus into a response. Firstly, the signals from the 
various sense organs are thought to be identified by sti-
mulus analysing elements. The result of this analysis, 
sometimes considered to consist of ratios, symmetries, gra-
dients and other invariants of stimulus energy (Gibson, 
1967) is processed by a decision element concerned with the 
choice of action in relation to perception. A third element 
governs the execution of the signal, emitted by the decision 
mechanism, coordinating and phasing the action of the effec-
tor organs (muscles). Other studies reviewing psychomotor 
skills and choice reaction time literature (Welford, 1960; 
Gagné, 1962) infer a similar chain of elements involved in 
sensory-motor performance. Before proceeding to a more de-
tailed analysis of studies about these three elements, some 
definitions will be discussed. 
At the end of this chapter the implications of the analysis 
for the choice of a sensory-motor task suited to further 
investigation will be discussed. 
1.2. Definitions. 
Some studies (e.g. Welford, 1960) concerned with the decom-
position of a stimu1us -re s ρ о π s e chain, describe the results 
of their analysis as mechanisms. Other studies prefer a des­
cription in terms of a central process, which perhaps could 
be conceived as something done by a mechanism. However, 
Sternberg (1969) referring to Bertelson &. Barzeele (1965) 
makes a distinction between processes and processing stages, 
In a paper (Van Assen &. Eykman, 1971 ) preliminary to the 
present study, we used the term "subsystem", thus incurring 
criticism from system analysts who distinguish between par-
tial systems and subsystems. Moreover, in other studies de-
notations such as functions, elements, components or states 
are sometimes used. 
The reason why different authors prefer particular defini-
tions or why, for instance, they make a distinction between 
processes and processing stages, is not always clear. More-
over, these definitions also seem to reflect the influence 
of other theoretical areas or of a prevailing technology, 
such as information theory, computer technology or systems 
technology. Recently, Nelson et al. (1971 ) not only demon-
strated that many of the basic notions in psychological 
theories stem from such a technology, but also argued that 
current models (based upon computer technology or neuro-
physiological data) probably extend beyond reasonable ex-
planatory limits, as was formerly the case wj.th the hydrau-
lic, mechanical or telephonic models. 
This study, therefore, will not enter into a lengthy dis-
cussion of the various definitions, and then try to make a 
motivated selection from these definitions; instead, the 
term "component" will be used to denote the functional parts 
mediating between stimulus and response. Further on (Chapter 
III) this denotation will be combined with extensions of the 
black box concept, which may result in a workable description 
of a model and its constituent parts without going into ar-
bitrary matters of definition. In the following survey of 
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comnonents of skilled performance, the term component will 
be used unless the particular study makes a clear distinc­
tion between definitions. 
1.3. Response execution in skilled performance; the motor program. 
It has long been known that movements are to a large extent 
controlled by feedback from the higher sense organs. Studies 
by Craik (19^7) and Hick (1948) were among the first to de­
monstrate the intermittent character of information intake, 
due to a time interval needed to process incoming signals. 
First estimates of the duration of the visual processing 
time (Vince, 1948) appeared to be in an order of magnitude 
of about 500 msec; however, this time interval is now 
thought to consist of a true processing time of 300 msec 
and a response monitoring time of about 200 msec (Welford, 
1968; p. 15). Pew (1966) estimated the visual processing 
time in a target moving experiment to be 300-350 msec, where­
as Keele i. Posner (196Θ) in a key pressing task estimated 
this time to be 190-260 msec. It is very probable that pro­
cessing time depends heavily upon the complexity of che exe­
cuted movements. 
Very quick movements, as in psychomotor skills, require 
quicker types of movement control: the control by proprio­
ceptive feedback and the control by a motor program; the 
latter type will be the focus of attention here, 
Quick succession of movements, for instance in piano playing, can­
not be controlled by the relatively slow visual or auditory feed­
back (Lashley, 1951), Quick kinaesthetic or proprioceptive movement 
feedback results from the activity of stretch-ree e ρ tors in the stri­
ated muscles. Estimates of the processing time of this type of feed­
back range from 110 or 120 msec (Chernikoff &. Taylor, 1952) to 160 
msec (Vince, 194B). Proprioceptive feedback is thought to play an 
important role in the control of quick movement sequences (Fleish­
man and Rich, 1963; Notterman and Page, 1962). "Chaining of respon­
ses" supposes that in a movement sequence, built up of a number of 
successive discrete responses, the termination of one response sig­
n a l the onset of the next response by means of a proprioceptive 
jign al . 
Evidence for another type of movement control, the motor program, 
is afforded by various studies. Control of movement by a motor pro­
gram is thought to occur mainly in single, relatively simple move­
ments and to allow much quicker movements because of its central 
origin and its character of forward regulation, whereas propriocep­
tive control is peripheral and its regulation depends on feedback. 
According to Keele (1 9 6 В) : "the concept of a motor program may be 
viewed as a set of muscle commands that are structured before a 
movement sequence begins and that allows the entire sequence to be 
carried out uninfluenced by peripheral feedback" (p. 387), that is 
to say, uninfluenced by peripheral feedback to central components. 
One of the first studies to contribute to the idea that motions 
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may be carried out without peripheral feedback was e a r n e d out by 
Fitts (1954). The results of his experiments on movement time can 
be expressed by a description known as Fitts's Law. This expression, 
according to Crcssman's modification (Grossman, 1957) is given by: 
Movement Time = a + b log ( — ) , 
W 
(1 ) 
where A = movement amplitude, the distance from home key to target, 
W = width of target, a and b - constants. 
This law also expresses the fact, affirmed by other studies (e.g. 
Welford, 196Θ) that movement time is constant for a particular 
ratio between amplitude of movement and target width. 
Motion picture analysis of pin transfer tasks (Annett et al., 195В) 
revealed that, with different hole-pin tolerances, the initial 
movement time was nearly constant for ~r of the total distance. 
•* 1 6 
The time to cover the last few inches showed large variations from 
one half to twice the time needed for ~~7 A. 
1 6 
Preprogramming of a movement is nicely demonstrated by Stark and 
Young (1965). Ss had to track a visually displayed short square 
wave pulse (less than 50 msec). Because of the predictability of 
the pulse width, the pulse shape could easily be tracked. When, 
however, pulses of longer duration were mixed with the short ones, 
causing the pulse width to become unpredictable, the tracks of the 
short pulses showed separate, delayed responses to both upstroke 
and downstroke of the target pulse (See Fig. 1 ) . 
Other evidence for the existence of central control of movement 
results from physiological studies on animal (loco) motion. 
• 1 0-
INPUT 
POSITION 20° 
OUTPUT 
POSITION 
POSITION 
OUTPUT 
POSITION 
1 SEC TIME 
Figure 1. R e s p o n s e s to u n p r e d i c t a b l e wide p u l s e , u n p r e d i c t a b l e 
narrow p u l s e , and p r e d i c t a b l e narrow pulse showing r e s p e c t i v e l y , 
delay, r e f r a c t o r y p e r i o d , and ι η put-a da ρted p r e p r o g r a m m i n g , 
(After Navas and S t a r k , 1 9 6 B ) . 
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Until recently, a complex movement (walking, flying) was supposed 
to be built up as a chain of reflexes, in which the termination of 
a reflex produced a signal to start the next. However, Wilson (1961 ), 
studying the central nervous control of flight in a desert locust, 
observed that stimulation of certain single interneurons resulted in 
complex wing movements, characteristic of normal flight. When the 
influence of peripheral feedback (stretch receptors) was removed, 
the phase relations within a movement cycle and the repetitive cha-
racter remained unchanged, although the frequency of the movement 
showed a slight change. Moreover, Kennedy (1967) demonstrated the 
existence of similar central command elements in the crayfish Pro-
cambarus. Stimulation of a single interneuron in the abdomen resul-
ted in a very complex and highly replicatale movement. Stimulation 
of another interneuron resulted in a slightly different movement, 
which shows that even minor modifications can be effected centrally. 
Denier van de Gon et al. (1969), investigating muscle transfer cha-
racteristics, discussed some aspects of nerve signals to the muscle. 
They observed from muscle myograms, that the signals fed to the 
muscle have an all-or-none character. The study suggests, that, with 
a preprogrammed movement, the signals fed to the muscles during 
movement only determine the magnitude of its force. Furthermore, the 
time accuracy of these programs is estimated by these authors to be 
of the same magnitude (3 msec) as the programs for quick eye movement. 
A number of studies (e.g. Adams and Dijkstra, 1966; Pew, 1966) give 
evidence for the fact that motor programs are built up or modified 
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as a result of learning. As a matter of fact, most authors 
hold that at the end of a learning situation a number of 
motor programs are available to the organism, which only 
need to be triggered to produce appropriate muscle action 
(e.g. Timpe, 1965; Young, 1969). 
According to Keele (196B), the advantages of motor programs 
for a sequence of predictable movements are threefold: they 
reduce both the degree of attention required and the time 
lag between stimulus and response; they diso allow quicker 
movements than would be possible under the control of peri­
pheral feedback. 
The concept of a motor program assumes some kind of motor 
memory; Poulton (1957) already drew attention to this fact. 
1.4. Differentiation between perceptual (stimulus analysing) 
componen ts. 
The assumption that reaction times are built up by a number 
of elements is an old one. for instance. Donders (see Jastrow, 
1890), assuming additivity of element durations, developed 
his subtraction method in order to determine the share of the 
constituent elements in the final reaction time. As a result 
of introspective reasoning, the subtraction method was dis­
carded (Kulpe, 1Θ95) although some interesting attempts to 
revalidate its application have been undertaken recently 
(Taylor, 1966; Sternberg, 1969). 
• 1 3-
Nowadays, mast studies on reaction time still assume reaction time 
to be build up of constituent components (Smith, 196Θ; Welford, 
1968); they mainly concentrate upon the form of the reaction time 
distribution in relation to the assumed distributions of the pos­
tulated constituent components (e.g. Mc.Gill &. Gibbon, 1965; John, 
1967; Luce &. Green , 1969). 
Although there are indications that constituent components might 
overlap (Grossman, 1955), the assumption of additivity of compo­
nents still receives attention. Recently, Sternberg (1969) de­
veloped his additive factor method to avoid the limitations of 
both the subtraction method and the stochastic model approach. 
Its application, however, involves the testing of more than one 
hypothesis at the same time, which weakens the power of the model. 
It has long been known (e.g. Merkel, 1ΘΒ5), and ample confirmation 
has accumulated since (e.g. Brainard, Irby, Fitts &. Alluisi, 1962; 
Lamb &. Kaufman, 1965), that reaction times tend to increase as the 
number of alternative stimuli to which the subject must respond to 
in a particular experiment, increases. 
The relation between mean choice reaction time ( < CRT> ) and the 
number of equiprobable stimulus alternatives is known as Hick's 
Law (Hick, 1952): which can be written as 
< CRT > = 2log (n + 1 ) (2 ) 
in which π = number of equipropable stimulus alternatives in CRT 
tasks with a 1 : 1 mapping between stimulus and response. (See 
Fig. 2 ) . In most versions (Welford, 1960) η + 1 is substituted 
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m -г— <CRT> m 
Figure 2. Data from a choice reaction experiment by Hick, plotted 
in terms of Eqn.(2). After Welford, 1960. 
by Ν , which is defined as the number of stimulus alternatives with 
the alternative "no stimulus" added. In a few cases, another equa­
tion, given by Hyman (1953), gives a better fit to the data. Hick's 
Law d oe s not seem to hold with stimuli in a very familiar subset 
(Fitts &. Switzer, 1962). In CRT-experiments, using a many-to-one 
mapping between stimuli and responses, Hick's Law also holds if N 
is replaced by 5, i.e. the number of perceptually different choices 
(Smith, 196Θ). The results of experiments by Grossman (1956), in 
which 5s had to respond by pressing the appropriate key on the 
• 1 5-
ι — < C R T > msec 
800 
600-
400-
200-
O SYMBOLIC DISPLAYS 
• NON - SYMBOLIC DISPLAYS 
-*- LOG2 η 
Figure 3. Data from an experiment by Grossman comparing performances 
with symbolic and non-symbolic displays. After Welford, 1960. 
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onset of the different stimulus lights placed above the buttons in 
random order, are in agreement with Hick's Law. However, when the 
signal lights were placed directly above the appropriate buttons, 
a different slope was found. (See Fig. 3 ) . The difference in slope 
is attributed to the greater involvement of the translation compo­
nent in the first condition (Welford, 1960). The relative ease 
with which stimuli can be paired with responses is known as stimu­
lus response compatibility (Fitts 1959). A number of studies vary­
ing the degree of compatibility (Fitts &. D e i m n g e r , 1954; Conrad, 
1962, G n e w , 1964, Treisman, 1965) demonstrate that < C R T > is an 
inverse function of the degree of compatibility. In cases where 
the relation between stimulus and response is made very straight­
forward, the slope of the curve is sometimes reported to be re­
duced to zero. For instance, Leonard's (1959) 5s were confronted 
with a one-to-one spatial relationship between stimulus lights and 
push buttons and, in addition, received a tactile stimulation from 
the appropriate push button at the onset of the signal. Also, in 
numeral naming tasks (Mowbray, 1960; Morin &. Forrin, 1962) < C R T > 
was found to be independent of N. However, replication of these 
and other experiments (See Section 1.9) has proved difficult. 
Another kind of experiment is concerned with stimulus discrimina-
bility instead of stimulus response compatibility. It has also 
long been known (e.g. Henmon, 1906) that reaction times (both <RT> 
and <CRT> ) tend to rise as discriminabilιty of the stimulus or 
stimuli decreases. Many studies (e.g. Cocholle, 1943; Raab, 1962) 
•17-
demonstrated that reaction times increase as the stimulus intensity 
decreases. Piéron (1920, 1936) reviewing research on RT, suggested 
That RT consists of two parts, one part varying with stimulus in-
tensity, the other part remaining relatively unaffected by variations 
in stimulus intensity. 
A comparable result was obtained by Slamecka (1963). His 5s, having 
to decide which of two words was more similar to a third one with 
respect to its meaning, took longer to decide as the word meanings 
became more similar. Finally, Thurmond and Alluisi (1963) also found 
that, for a given number of stimulus- re spon se alternatives, <CRT> 
decreases with decreasing stimulus similarity, up to a certain level 
of dissimilarity. 
In the studies discussed so far, the number of stimulus response al-
ternatives was held constant. However, Sternberg (1964 b) varied 
both discriminability and the number of alternatives in a yes-η о 
categorization task, decreasing discriminability by adding noise to 
the stimuli. His results showed that decreasing di s сriminab111 + у 
affected the intercept of the curve of Fig. 2, leaving the slope of 
the function relating <CRT> to M unaffected. 
It seems reasonable to conclude that the two experimental variables, 
stimulus discriminability and stimulus response сопраtib 111ty, each 
affect a different component in the chain of components mediating 
between stimulus and response in CRT or RT tasks. Discriminability, 
then, would influence the perceptual component, whereas the compa­
tibility effects could be ascribed to the translation or response 
-1 Θ-
selection component. As has been pointed out, the question whether 
the whole effect of M on <CRT> can be ascribed to the translation 
element remains doubtful (See also Section 1.9). 
Regarding the effects of discriminabil ι ty , the same difficulties 
arises. A study by Chase &. Posner (1965), varying d ι sc r imi nab 1111 y 
of the stimuli, seemed to indicate that di s сrim ι η ab il11y also affects 
the slope of the curve of Fig. 2. These сompatlb il ι ty-11 к e effects of 
discriminаЬι1ιtу also appeared in a study by Crossman (1964). 
In the study of Sternberg, dis erim in ab111ty is quantitatively better 
defined. In the Chase &. Posner study dι scrim inabilιty was varied by 
making the stimuli more "similar" in only one dimension, whereas the 
method used by Crossman to measure stimulus similarity assumes, among 
other things, that performance is errorless and unaffected by the 
number of response alternatives (see also Hughes, 1964). 
As stated above, Hick's Law applies only in the case of equiprobable 
stimuli. A number of studies (e.g. Fitts, Peterson &. Wolpe, 1963; 
Lamb &. Kaufman, 1965) have demonstrated an effect of stimulus proba­
bility on <CRT> ; increasing the probability of a stimulus results 
in a decrease in <CRT> . It has been demonstrated (Broadbent i. 
Gregory, 1965) that the effect of stimulus probability is independent 
of N, and it is also found to be independent of a response-repetition 
effect (La Berge &. Tweedy, 1964). Furthermore, a number of studies 
(e.g. Davis, Moray L Treisman, 1961; Neisser, Novick &. Lazar, 1963) 
demonstrated that practice, as an experimental variable, is also, 
like compatibility, able to reduce the slope of the function relating 
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<CRT> to N. As a matter of fact, the strong relation which appears 
to exist between practice and compatibility gave some authors reason 
to regard compatibility as a result of prior practice (Fitts, 1959). 
An equally strong relation might exist between compatibility and re-
petition effects. It is known that CRT to a stimulus is faster when 
this stimulus is repeated on the next trial ÍBertelson, 1961, Lan-
dauer, 1964); in these experiments the stimuli are presented in a 
non-random order while stimulus probability is kept constant. Ber-
telson (1965) showed that these repetition effects are to a consi-
derable degree the result of response repetition, although stimulus 
repetition also may somewhat reduce <CRT> . 
From the above, the conclusion seems warranted that in reaction 
time experiments there are two experimental variables, whose effects 
on the function relating < C R T > to N are to a considerable degree 
independent. The first variable - often (as in Welford, 1960, 196B) 
the one considered to give evidence for the existence of two compo-
nents - is stimulus response compatibility, related to repetition 
and practice. The effect of these factors is to alter the function 
relating <CRT> to N, which justifies the postulation of a functio-
nal component, by which the appropriate response to a stimulus is 
selected. This component will be called response selection component 
The second variable is stimulus di s сrim in ab ilιty, determining the 
magnitude of the intercept of the function; this variable is thought 
to affect a stimulus analysing component. 
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1.5. Stimulus - analysing component 
Most studies on CRT are concer 
CRT into functional components 
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ich stimulus representations 
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e that stimulus categorization 
he representation of the sti­
le of the stimulus, and not 
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between some aspects of both. The stimulus replicas are thus to 
be considered as templates; they are formed as a result of ex­
perience with the different stimulus alternatives; there are as 
many templates as there are stimuli and they are stored in a 
rapid acces information storage system. The conception of sti­
mulus replicas as templates assumes a point-to-point isomorphism 
between stimulus and template. This implies that template models 
are not able to categorize stimuli after a stimulus transformation, 
unless in the theory a special mechanism is provided to deal with 
stimulus transformations (as in Sternberg, 1964 b ) . Most of the 
models (Hick, Sternberg) assume that the different simultaneous 
or successive tests are independent and need the same amount of 
time. 
Rapoport (1959) and Sternberg (1963) have considered template 
matching models in which testing was simultaneous and exhaustive. 
These models, because of their exhaustive nature, predict a mono­
tonous ascending relation between <CRT> and N. 
Hick (1952), while arguing that CRT tasks mainly consist in sti­
mulus-recognition, proposed three types of simultaneous template 
matching models which axe s e 1 f-termina tin g. In order to account 
for the relation between N and <CRT> , Hick's models assume the 
stimulus recognition process to consist of two stages, a preprj-
cessing stage in which the stimulus-replicas are produced fr^ ι the 
memory, and the testing stage proper. In this preprocessing stage 
the stimulus-replicas can either be produced simultaneously, in 
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which case the model predicts no relation between N and CRT ; 
or they can be produced serially, which yields a linear relation 
between N and <CRT> ; or, thirdly, in the case of s el f-re piicat ion, 
in which the number of templates increases geometrically with T, a 
logarithmic relation between N and <CRT> is predicted. 
Hick (1952) also proposed two serial template matching models with 
s el f- term ina tin g tests. As mentioned above, the particular stimulus 
representation is tested in these models against templates which 
are produced in succession from a memory system. In one model, the 
templates are selected at random from the memory system, in the 
other model they are selected systematically. Both models predict 
a linear relationship between <CRT> and M. 
Another serial template matching model, however, with exhaustive 
tests, is proposed by Sternberg (1963, 1966). In this case, selec-
tion of templates is also systematical; the model again predicts a 
linear relationship between N and <CRT> . Both the simultaneous 
template matching models of Hick (1952) and the serial template 
matching model of Sternberg (1963, 1966) have a stimulus prepro-
cessing stage. In Hick's mocels the templates are produced from 
the memory in this stage, whereas in Sternberg's model filtering 
operations upon the stimulus occur. The nature of these filtering 
operations, however, is not very clear. 
The second comprehensive class of models on CRT is the category of 
feature testing models, including serial classification models (e.g. 
Hick 1952), statistical decision models (Stone, 1960; Edwards, 1965) 
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and stimulus sampling models (La Berge, 1962). Stimulus analysis 
in these models occurs by the extraction of a set of features from 
the stimulus and by comparison of these features with the set of 
stimulus features from the memory. 
Feature testing models with serial classification of the stimulus 
representation were initiated by Hick (195?). In his model, the 
stimuli are classified by a number of successive dichotomizing 
tests on the features extracted fron the stimuli. Because each 
successive test reduces the number of feature lists to be compared 
with the stimulus by one h
a
lf, the relation between <CRT> and 
log M is a linear one. In order to account for unequal stimulus 
probabilities, Welford (1960) changed this model into a serial 
classification model with an accuracy check, whereas Bertelson 
(1963) added as a first test the comparison between a stimulus and 
the preceding stimulus in order to account for repetition effects. 
Also to be considered (Smith, 196B) as feature testing models are 
the statistical decision models (e.g. Stone, 196G; Edwards, 1965), 
derived from detection theory (e.g. Green L Swets, 1966). The sta­
tistical decision models, in a Бауевіап form, have been empirically 
investigated by Pitts et al. (1963) and Pitts (1966). Unlike the 
models discussed so far, the statistical decision models do not 
assume the classification of the stimulus to be errorless. In these 
models Ss are assumed to process successive samples of stimulus and 
noise into a likelihood ratio, which determines the response to be 
made . 
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The successive samples determine the magnitude of each χ (Stone, 
1960) or D (Edwards, 1965; Fitts, 1966), a random input parameter, 
whose magnitude reflects the amount of information in the stimulus, 
By means of stored information about the stimulus the 5s are able 
to estimate p(x /5 ), the probability that a certain sample χ 
1 1 ι 
arises from a particular stimulus 5 . Assuming - as Stone does -
that samples may arise either from S or 5 and assuming that 5s 
are optimal information processors, Ss can be thought to decide 
upon the successive or cumulative value of the likelihood ratio 
с ( χ ) = log 
p(x /s.) 
ι 1 
p(x i/S 2) :з) 
As soon as the successive or cumulative value of c(x ) exceeds a 
ι 
critical cutoff value A, the stimulus is categorized as 5 and the 
response R is made; if this value drops below a critical cutoff 
value B, the stimulus is categorized as S and the response R is 
made. 
A similar model, however not derived from detection theory but from 
stimulus sampling theory, is the stimulus sampling model of La Berge 
(1962). The model assumes each stimulus to consist of a definite set 
of elements. The stimulus elements are directly connected to a res­
ponse. The model mainly discusses the way the stimulus elements are 
sampled and contribute to the probability of execution of a certain 
response; the magnitude of each of the different samples determines 
the execution of a particular response. The stimulus sampling model 
can account for the same empirical data as the sequential statisti­
cal decision models can explain. It differs from these models in the 
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assumption that in the case of two stimulus alternatives, there 
are two unidirectional counters, each keeping track of the mag­
nitudes of the two samples of stimulus elements (Mc Gill, 1963). 
Far the same problem, on the other hand, the statistical decision 
model has only one counter whose properties are characterized by 
a random walk process between two critical cutoff values (Mc Gill 
&. Gibbon, 1965). 
In a number of publications mainly on shape recognition by octo­
puses and rats, Sutherland (1963, 1964 , 1964 , Sutherland et al. 
1964, 1965 , 1965 ) developed a model of discrimination learning 
by animals. According to this model discrimination learning in­
volves two components (See Fig. 4 ) . Animals first learn to switch-
in a number of stimulus discrimina η da. The outputs given by each 
analyser vary with variation of the stimulus along a single di­
mension only. For instance, in the case of visual stimuli, one 
analyser might function as a detector for differences in bright­
ness, whereas another might detect differences in ratio of hori­
zontal to vertical contour in a visually presented shape. The 
second component involved is learning to attach the output of one 
or more analysers to one or more responses, guided by reinforce­
ment principles. Any output from any analyser can become attached 
to any response as a result of learning. The model has little or 
no constraints; it can account for experimental findings such as 
transfer along a continuum, overtraining reversal effects and the 
partial reinforcement effect. An attempt has also been made toward 
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RESPONSES 
Figure 4. Sutherland's model of discrimination learning by animals; 
for an explanation, see text. After Sutherland, 1964 
a stochastical formalization of the model (Sutherland 1964 ). 
A few studies, mainly electrophysiological, have demonstrated that 
stimulus analysis of the feature filtering type exists in animals. 
A behavioral analysis on the visual system of beetles (Reichaidt, 
1961) and an electrophysiological study of this systeir in frogs 
(Letvin et al., 1959) have demonstrated that in lower animals visu-
al information is more or less organized before it is further trans-
mitted through the optical nerve. This stimulus analysis is done by 
neural tissue in front of the retina and is therefore of peripheral 
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nature. The well-known electrophysiological study by Hubel 
&. Wiesel (1962) on the visual cortex of the cat gave evi-
dence of stimulus analysis of the feature filter type exe-
cuted centrally. The authors were able to demonstrate for 
instance that the visual cortex of the cat consists of dif-
ferent layers, each in which the neurons have the same re-
ceptive field; the neurons respond to light-on or light-off, 
slits of certain length and width or to straight-edge con-
trast changes, according to their layer. Within the layers 
the neurons differ in this respect that they respond to sti-
muli of different angles of orientation; in addition, the 
neurons within a certain cortical column, consisting of 
different layers, were found to have a common axis of re-
ceptive field. 
1.6. Response selection components. 
As discussed in Section 1.4 a distinction must be made be-
tween stimulus analysing components and response selection 
components. A response selection component is assumed to 
select the "correct" response to a stimulus identified or 
catagonzed by stimulus analysing components. Effects of sti-
mulus-response compatibility, practice and response repeti-
tion on CRT occur because these variables affect response 
selection components. Unlike the stimulus analysing compo-
nent, treatment of the response selection component in the 
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literature is very superficial. The template matching model 
of Rapoport (1959) claimed to include a response selection 
stage. The description of this stage, however, is not ex­
tended beyond the assumption that the selection of one res­
ponse out of two alternatives consumes as much time as the 
discrimination between two stimuli. Welford (196D), in his 
extensions of Hick's feature testing models assumed 5s to 
select the correct stimulus-response alternative from a 
number of possible alternatives. The connections between 
stimuli and responses seem to be a p r i o n to this model, 
as is also the case with the stimulus sampling model of La 
Berge (1962). Bertelson (1963), finally, does not admit the 
response selection component in his FT model. His model as­
sumes that incompatible stimulus-response relations give 
way to biased tests on the stimulus features. In these 
cases, more tests are needed, thus lengthening <CRT> . 
1.7. Spe ed-а с сuга с y trade-off. 
5s performing a CRT task are able - e.g. as a result of 
instructional emphasis - to improve <CRT> at the cost nf 
the accuracy of their responses, and vice versa (Hick, 1952; 
Fitts, 1966). Of the models discussed above, template match­
ing models are unable to account for this trade-off, because 
these models assume an errorless performance on the part of 
the 5s. Feature testing models explain the trade-off by 
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assuming that 5s decrease CRT by not taking a sufficient 
number of tests on the stimulus representations (Welford, 
1960), or - in the case of statistical decision models -
by changing the critical с ut of f -ν a 1ues in such a way that 
the 1ík elihood-ratio reaches these values more quickly. 
The existence of a speed-accuracy trade-off implies that 
error-responses on the л/hole should be faster than correct 
responses; this consequence was confirmed in studies by 
Rabbitt (1966), Egcth &. Smith (1967) and in a study by 
Schouten &. Bekker (1967) using a forced reaction tiire 
method. RT or CRT, therefore, is sometimes considered to 
be a programming time. During this interval the organism 
is thought to program the response to be executed: if only 
a short programming time is used or available, the program 
will be deficient in some way and, consequently, the re­
sulting response will be subject to error. 
5 ι ηq 1 e-с h a η η e 1 operation. 
There is evidence that the chain of central components 
operates as a single information transmission channel with 
a limited capacity (Welford, 196B). The first to draw 
attention to the existence of a minimum interval duration, 
below which successive stimuli cannot be responded to was 
Telford (1931 ); this interval he called the psychological 
refractory period, as an analogue of the refractory phase 
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of the nerve or synapse (see also Crarck, 194B}. 
Since a discussion about the state of affairs concerning 
the s in g le-eh annel hypothesis would go beyond the scope of 
this study, and seeing excellent reviews are available (e.g, 
Smith, 1967; Welford, 196B), this study will only draw 
attention to two points. 
Firstly, it is not clear which central component must be 
considered to act as a single-channel. Most authors (e.g. 
Welford, 196B) hold the response selection component to be 
responsible, whereas others (Broadbent, 1957) single out 
the perceptual component. To some extent, this lack of 
agreement might depend upon the type of task used to study 
s in g 1 e-с h a η η e 1 phenomena. 
Secondly, single-channel information processing phenomena 
are likely to enter into experiments in two ways. When the 
interval between two successive stimuli is short, refrac­
tory phenomena occur. From a study by Kay and Weiss (19É1 ) 
on visual stimuli it can be concluded that these effects 
become notable with intervals shorter than 4DD msec. When, 
on the other hand, the frequency of stimulation increases 
to a certain magnitude, Ss become unable to postpone res-
ponses to stimuli and fail to make up for them later on; 
the number of stimuli remaining unresponded to v a n e s with 
signal frequency. Studies concerning the capacity of the 
chain of central elements use the amount of deterioration 
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occurring in the primary task when Ss are increasingly 
"loaded" with a secondary task as a measure of "mental load" 
(e.g. Kalsbeek, 1964; Kalsbeek &. Ettema, 1964; Kalsbeek &. 
Sykes, 1967). 
1.9. Review and evaluation. 
Most studies on PMS and CRT agree upon at least three central 
components mediating between stimulus and response. These 
components are often either explicitly or implicitly assumed 
to be independent, although on the other hand there are some 
indications that this might not be the case. Grossman (1955) 
discussed the possibility of overlap between components. 
Furthermore, experiments (e.g. Leonard, 1959; Morin and F o r n n , 
1962), reporting no relation between <CRT> and N in high-
compatibility tasks, appeared to be difficult to replicate 
(e.g. Hellyer, 1963; Broadbent &. Gregory, 1965; F o r n n i. 
Morin, 1966). Moreover, there is a discrepancy between stu-
dies assuming a motor program which can be triggered as a 
result of learning, and studies concerning the speed-accuracy 
trade-off; to this discrepancy we shall return later. 
Signals from the various sense organs, fed to the brain, are 
thought to be processed first by a stimulus analysing compo-
nent (See Section 1.5); this component, whose function is to 
"identify" a particular stimulus, is mainly affected by sti-
mulus di s eriminab illty (See Section 1.4). 
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The models of CRT, discussed in Section 1.5, appeared to be models 
merely of stimulus identification, because they leave response se­
lection untreated (see also Smith, 1966); as such, they only provide 
descriptions of the stimulus analysing component. 
Experimental evidence offered by Sutherland's behavioral studies 
and the electrophysiological study by Hubel and Wiesel (1962), clear­
ly favor models of the feature testing type. Some of these models 
(statistical decision and stimulus sampling models) also have the 
merit of not assuming the stimulus recognition to Ьт errorless; 
besides, they are able to predict uffects of stimulus probability, 
stimulus value - both of which are independent of N or response re­
petition effects (See Section 1.4) - and the speed-accuracy trade-off 
phenomenon (See Section 1.7). 
Moreover, like almost all other models of CRT, they are mainly de­
veloped - and valued accordingly (e.g. Smith, 1968) - to explain 
Hick's Law (See Section 1.4); this is rather strange however: the 
large or total reduction in slope of the curve representing this 
law is generally recognised as the result of high stimulus-res ρ on s e 
compatibility affecting the response selection component. Hence, 
Hick's Law represents features of the latter component and should 
not be dealt with in models concerning stimulus recognition. 
As a matter of fact, two-stage models of stimulus recognition have , 
been developed (e.g. Hick, 1952; Sternberg, 1964 ) in order to 
account for both a change in slope and a change in intercept of the 
curve mentioned above. These two-stage models thus intend to explain 
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the effects supposedly resulting from two different types of vari­
ation in stimulus dis сr iminаЬ ility ; in this case, the change in 
slope is small compared to the change in h ιgh-compa11b1111y situ­
ations, and probably it is even the result of inaccurate defini­
tion of stimulus discnminability (See Section 1.4). Following re­
cognition or identification of the stimulus by one or more stimulus 
analysing components, the result of this analysis is processed by 
a response selection component, which is assumed to select the 
"correct" response to it. Response selection components are thought 
to be affected by variables such as εtimulus-res pon s e compatibility, 
practice and repetition effects. Models, dealing with this component 
do not seem to exist (See Section 1.6). 
Many studies on PMS assume tnat response execution components con­
sist of motor programs; this assumption has received ample benavi-
oral and η europhysiological confirmation. These motor programs are 
the result of a skills learning sequence and contain all information 
needed to phase and coordinate muscle action. They are thought to be 
triggered by a (one-bit) trigger signal emitted by response selection 
components; this implies that the two other components i.e. stimulus 
analysing and response selection can have no influence on the accu­
racy of the response execution. 
From studies on the speed-accuracy trade-off phenomenon (See Section 
1.7) it is known that error-responses in CRT and RT tasks are faster 
than correct ones. Therefore, reaction time intervals are sometimes 
considered to be programming times. The components for stimulus 
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analysis and r e s p o n s e s e l e c t i o n can then i n f l u e n c e the quality 
of the motor p r o g r a m s ; if this is the c a s e , the signal emitted 
from the r e s p o n s e s e l e c t i o n c o m p o n e n t s to the p r o g r a m s cannot 
be a mere trigger signal but must contain more i n f o r m a t i o n , 
h o w e v e r , all studies reporting e r r o r - r e s p o n s e s to be faster 
than correct r e s p o n s e s define the e r r o r - r e s p o n s e as a wrong 
choice from the r e s p o n s e a l t e r n a t i v e s . A c c u r a c y , t h e r e f o r e , 
in s ρ e ed- a с сuг a с у trade-off s t u d i e s , implies accuracy of i e s -
ponse s e l e c t i o n rather than accurccy of r e s p o n s e e x e c u t i o n ; 
for this r e a s o n , these studies provide no e v i d e n c e for the 
a s s u m p t i o n that reaction times are p r o g r a m m i n g t i m e s , i.e. 
that length of reaction time interval i n f l u e n c e s the quality 
of the motor p r o g r a m s . 
1.10. S u g g e s t i o n s for an e x p e r i m e n t a l s e t - u p . 
Much of the o b s c u r i t y around the central c o m p o n e n t s - w h e t h e r 
they exist or n o t , or w h e t h e r their actions overlap or not -
is due to the fact that they have often been s e p a r a t e l y s t u ­
died in d i f f e r e n t e x p e r i m e n t a l set-ups not suited to the in­
v e s t i g a t i o n of the other c o m p o n e n t s . 
Indeed, an i n v e s t i g a t i o n into these c o m p o n e n t s should employ 
one single e x p e r i m e n t a l set-up dllowing the study of each 
component s e p a r a t e l y . 
A task in which Ss have to track more than one s t i m u l u s will 
suit this p u r p o s e since it allows both CRT ( p e r c e p t u a l analysis 
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and response selection) and response execution to be inves­
tigated. This tracking task should be a compensatory one, 
employing discrete stimuli, to avoid "refractory" phenomena 
(Section 1.Θ); the use of discrete stimuli also facilitates 
the study of single-channel operation (Section 1.В) by means 
of a secondary task, because it allows the experimenter to 
"dose" the stimuli of this task more accurately than in other 
methods employed (e.g. Kalsbeek, 1964). 
Finally, compensatory tracking should be two-dimensional 
(tracking along two uncoupled axes), in order to enable both 
the study of compatibility effects (Section 1.4) and the 
measurement of transfer of training; the latter is not often 
used in psychomotor skills research but it has been employed 
succesfully in verbal learning studies (Battig, 1966). Single 
axis tracking tasks are more often employed than two-axis 
tracking tasks, their results appear to be more or less the 
same however (Todosiev, Rose and Summers, 1967). Moreover, 
any learning effect would be more extensive in a twodimen s ion a 1 
task and therefore better observable. 
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Chapter II. 
MEASUREMENT TECHNIQUES OF TRACKING BEHAVIOR. 
2.1. Introduction. 
Having made the decision to use a tracking task, one is 
faced with a variety of measurement techniques for diffe-
rentiating between levels of tracking proficiency. 
Most studies on learning a tracking task can be placed in 
one of two categories according to the kind of measurement 
used. In this chapter, these two types of measurement are 
briefly reviewed and evaluated with respect to the purpose 
of this study. 
2.2. One-variable measurement. 
There are a number of studies (e.g. Adams, 1952; Briggs and 
Rockway, 19É6; Nance, 1965) which describe the course of 
learning or the level of proficiency attained on the track-
ing task with only one variable. The most frequently used 
one-variable measurements are concerned with time on target, 
error amplitude and frequency counts. 
a ) Proportion of time on target. 
Proportion of time on target (pr¡ +i'i probably originating 
from studies on success in gunnery tasks, is by far the 
most widely used score in psychological studies on track-
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ing behavior, notably in pursuit rotor studies. Its uti­
lization assumes that tracking performance on a given 
trial can be represented by a Ρ score, which is usual-
Tot 
ly expressed as the period during which S happened to be 
"on target", in proportion to the total time of a trial; 
in form ula : 
T(ot) 
Τ 
(4) 
T(ot) 
where T(ot) = length of time on target during a trial of 
length T. P_. . scores are easv to instrument: thev can y
 Τ ( ot ) J ι J 
also be correlated with all kinds of independent variables 
(e.g. tracking skills, amount of practice, length of rest 
intervals between trials). They also have some drawbacks, 
however. 
Reliability of Ρ scores is poor compared with relia-J
 Τ(ot ) r 
bilities of root mean square error scores or mean abso­
lute error scores (to be discussed below); besides, their 
reliability v a n e s as a function of their size. Also, mag­
nitude of the tracking error is not represented in Ρ 
Τ (ot) 
scores. It is sometimes stated (Kelley, 1969) that they 
are ordinal and not interval measures of the dispersion 
of a tracking error and that, therefore operation assuming 
interval measurement (e.g. summing, averaging, plotting on 
learning curves) should not be employed. This objection 
however seems to be a matter of epistemology (Adams, Fagot 
and Robinson, 1965); such a criticism is substantial if it 
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can be demonstrated eirp i n e al ly that treating ordinal 
measures like interval measures yields inaccuracies. In 
that case, they must either be treated with non-parame­
tric techniques or be transformed into linear measures 
of dispersion (estimates of rms-error or of mean abso­
lute error), assuming a Gaussian error amplitude distri­
bution with a mean of zero. Transformation can be done 
by converting the area under the normal curve (P-r/
 +
\ 
into standard score units. 
b ) Error amplitude scores . 
Two more concevient tracking scores, measuring error am­
plitude, are mean absolute error and root mean square 
error (rms error). They are measures of dispersion with 
high reliability. All operations assuming interval 
measurement can legitimately be applied. Of these two, 
the rms error, supposing an underlying error amplitude 
curve that is normally distributed about a mean of zero, 
is used very frequertly. The rms error is given by 
:... · /TT (X. - X) dt, d 
and the mean absolute error by 
.T 
ι I 1 ( 
< 
: | E ( t ) | > = | ƒ |xd - x| X _, X dt . d 
(5) 
(6) 
In equations (5) and (6) X is the wanted value of X, 
and Τ is length of time of the trial. 
с ) Simple frequency counts. 
Several authors (e.g. Obermayer, Swartz and Muckler, 1962; 
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Clark, 19É5; Miller, 1965) emphasize the importance of 
frequency measures. Frequency of zero crossings or fre-
quency of crossing a given error criterion, for instance, 
may give information additional to error amplitude measure-
ment. Frequency measures can also reflect individual diffe-
rences in "tracking style". 
1.3. Measurement techniques used in engineering. 
Linear models often are used by control engineers to describe 
the properties of control systems. A linear element of a con-
trol system can be described in terms of the ratio of the 
Laplace transform of its output to that of the input. This 
ratio is called the transfer function of the element. The 
method of describing the properties of a system in terms of 
input-output relations is frequently used when the system 
properties are unknown. As technology proceeded, human ele-
ments in control and steerage systems became increasingly 
important. Also, the advent of costly and ^ ~reasingly com-
plex equipment has clearly indicated the need for detailed 
knowledge of the behavior of human elements in control sys-
tems. It is essential for system designers and engineers 
that the descriptions of the properties of human behavior 
are compatible with those of the "hardware" components. There-
fore, they are apt to describe - and have done so for at least 
1D years - human properties in terms of linear (or quasi-
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linear) system elements and have arranged their measurement 
techniques accoidingly. 
The following discussion concerning measurement techniques 
of tracking behavior as used in engineering, presents an in­
adequate picture of the work of engineers in this field; ex­
cellent reviews are given by e.g. McRuer and Krendel (1959), 
Fogel (1963), Mitchel (1966) and McRuer and Jex (1967). Some 
of these measurement techniques will be mentioned here in 
order to be able to demonstrate that they are inappropriate 
to the purpose of this study. 
2.3.1 . Transfer functions of the human operator. 
As mentioned above, human elements in control systems may 
more or less successful l'y be conceived of as linear system 
elements. Here is meant by linear that the superposition 
principle applies. The transfer function of the human opera­
tor is often represented by the following Laplace transform­
ation : 
К е "
Т З ( Т з + 1 ) 
H ( s )
 = 77 . w T- TT (τ) 
Τ s + 1 ) [ Τ s + 1 ) 
Ν I 
where H(s) = ratio of the Laplace transform of operator out­
put to that of input. 
К = operator gain 
τ = time delay, partly due to reaction time 
-TS 
e = being a "transport" delay 
41 
Τ = lead time constant 
Τ and Τ = lag time constants 
N I ч 
Equdtion (7), however, gives the transfer function for a 
narrowly defined class of tasks, e.g. compensatory tracking 
of random by appealing forcing function. If other task vari­
ables are introduced (for instance step functions or pursuit 
tracking) the transfer function will be different due to the 
fact that the system under consideration differs. Besides 
the prerequisite of linearity of the system, there is the 
requirement of invariance of the operator's response within 
the measurement interval. Variance is due to learning or op­
timal strategy seeking behavior by the subject. There is some 
evidence that response variance is not likely to occur in 
short-term responses (McRuer, et al., 1966). 
It became possible to identify separately the parameters of 
this transfer function. In equation (7) the time delay τ is 
strongly dependent upon the nature of the forcing function; 
the range of τ may be from 2DÜ to 50D msec for unpredictable 
signals of average complexity. The operator gain К is the 
ratio of the output position signal to the input position 
signal, К is influenced by many factors such as nature ard 
amount of noise in the system, the controlled vehicle trans­
fer function, the weight the operator assigns to that par­
ticular deflection. The lead time constant Τ , corresponding 
to the rate of change of the input, is usually reported to 
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vary from 250 to 25D0 msec. Τ has been identified as a neuro-
muscular time lag, ranging from 100 to 160 msec, whereas the 
other time lag Τ appears to be an adjustable parameter cor­
responding to a smoothing of the input function with observed 
values between 5 and 20 seconds. On second thoughts, however, 
it will be obvious that the assumption of linearity cannot be 
upheld considering the behavior of the human operator. Apart 
from motivational factors and circumstances of fatigue and 
boredom, which are likely to cause gross non-1 mear11íes 
(Fogel, 1963), there is evidence that discontinuities are 
peculiar to processes of human perception. From a study by 
Stroud (1954) there are notions that the time base of human 
perception is quantized, the quanta having a duration of 100 
msec. This quantization might be due to intake of information 
for making the following response, and to the nature of neuro-
nal processes (Licklider, 1960). 
Rather than withdraw from linear models, investigators have 
tried to use available models with modifications and additions, 
not least because of the fact that linear models are in a far 
more advanced state of mathematical development than are non-
linear models. This has resulted in the concept of quasi-li-
n e a n t y and the use of quasi-linear models. In this context 
we shall define a quasi-linear model as a linear differential 
equation (or equivalent description) with coefficients vary-
ing restrictedly in time, plus additive terms consisting of 
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random variables (Licklider, 1960). The variations of the 
time-varying coefficients must be either rapid or slow com­
pared to the time constants of input signal and the track­
ing system. 
A great deal of research has been devoted to the applicabi­
lity of this and other types of quasi-linear models (Cherm-
koff, Birmingham and Taylor, 1955, 1956; Elkind, 195J; Kren-
del, 1951, 1952, 1954); the noise term has been reported to 
account for less than 5 per cent of output power when the in­
put signal bandwidth is restricted to frequencies lower than 
about 0.5 cps. However, a number of tracking tasks which com­
bine a high order of control with a long time lag, such as 
process control in a chemical plant, are ποτ easy to repre­
sent by means of quasi-linear models. Deviations from line­
arity are large, which enlarges the remnant of xhe descrip­
tion; besides the parameters of the operator response are no 
longer time invariant, due to the use of different control 
strategies (Goldstein and Newton, 1962; Van Assen, 1967). 
Other models have been devised to account for a better des­
cription of the behavior of the human operator. For example, 
Bekey (1962) discussed varions discrete models which differ 
from the quasi-linear ones by the fact that they account not 
only for the discontinuities in operator behavior, but also 
for his ability to extrapolate his response even when the 
input stimulus vanishes temporarily In their sim-
• ÛA. 
piest form, these models represent the operator by means of 
a periodic sampler, a hold circuit and a continuous element. 
2.3.2. Parameter tracking . 
In parameter tracking, the investigator compares the output 
of the operator with a model, often an analogeous computer 
configuration, which receives the same input signals. Ad-
justing the coefficients of parameters of the model, he ob-
tains the best possible match between the output of the human 
operator ana that of the model. Substitution of the values of 
these coefficients completes his analytical model. Matching 
the output of the model to that of the operator is done by 
reference to an arbitrary criterion; often, the rms error of 
the two signals is minimized. 
Difficulties in choosing criteria for model matching can some-
times be avoided by putting the analogous configuration model 
and the operator in series. The coefficients of the parameters 
of the model are adjusted until the total output is zero; the 
operator transfer function will then be the reciprocal of the 
model transfer function (Garner, 1967). The techmgue of para-
meter tracking is not only capable of yielding average para-
meters over a trial as tracking performance scores, but it 
also allows to study time varying operator behavior - due e.g. 
to fatique and learning. In the latter case, the investigator 
obtains records of the changes in these parameters during a 
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trial. A discussion of the techniques of model matching is 
given by Bekey, Meissinger and Rose (1964). A difficult pro­
blem in model matching concerns the choice of the iterative 
techniques to be performed upon the model parameter values 
in order to obtain the real parameter values. These strate­
gies can be compared to optima 11 ζ at ion techniques used in 
the field of optimizing and self-adaptive control systems. 
2.3.3. Adaptive tracking, "critical" tracking task, and the cross­
over model. 
It is often stated that Ss, performing on о certain task, 
adopt an internal performance criterion depending upon mo­
tivational factors. It has also been suggested that the per­
formance level which subjects attain on a particular task re­
flects the level they themselves consider to be quite suffi­
cient rather than their utmost capacity. Several investiga­
tors (Hudson, 1962; Birmingham et al., 1962; Kelley, 1967; 
Kelley and Wargo, 1967) have proposed adaptive tracking tasks 
in order to avoid the influence of motivational factors on 
performance level. Adaptive tracking systems change their own 
level of difficulty as a function of the amount of error re­
duction by the subject. The preset criterion of error, at 
which the task becomes more difficult, must be chosen in such 
a way that it is lower than the subject's own internal error 
'criterion. In this way, according to this philosophy, subjects 
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can be kept trying to their utmost, because they will never be able 
to reach a level which is acceptable to them. However, little research 
has yet been done upon the applicability of adaptive tasks; there is 
also some evidence that subjects tend to vary their error tolerances 
( Jex et al. , 1966 ; ρ. 142). 
The "critical" tracking task, devised by Jex (Jex et al, 1966) not 
only tries to eliminate the influence of motivational factors upon 
performance level, but also describes the subject's behavior by only 
one variable, the operator's "effective time oelay". Apart from the 
advantage of relativ ely easy instrumentation, a wide variety of ap­
plications is claimed, including the use as a secondary task in work­
load research (Jex, 1967). The task is derived from transfer function 
research. The subject is required to perform a single-axis compensa­
tory tracking task, in which the controlled element has a built-in 
instability up to the point of loss of control. The instability is 
created by a positive error feedback loop which increases the error. 
Tracking performance is characterized by the degree of instability at 
the moment that control is lost, which characterizes the "effective 
time delay" of the operator. The effective time delay combines several 
delays, lags, and highfrequency leads (Jex et al., 1966). 
Research on the critical tracking task has mainly concentrated upon 
methodological analysis in relation to transfer function measurement. 
Few data relating scores on the critical tracking task to significant 
independent variables, such as time constants, are available. Moreover, 
a subjects's effective time delay depends heavily upon the highfrequency 
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cutoff point of his tracking behavior whilst it may not be 
quite so closely related to tracking performance at normal 
frequencies (Kelley, 1969). 
The effective time delay and tne crossover frequency are 
the two parameters in the crossover model. This model was 
also derived (McRuer and Jex, 1967) from transfer function 
measurement techniques. The model, simplifying these tech-
niques, is more advantageously used in combination with pa-
rameter tracking devices, because only two parameters need 
to be tracked. The cross-over model takes advantage of the 
fact that the operator transfer function is determined to 
a large extent by the characteristics of the operator res-
ponse near the so called crossover frequency. The rationale 
of the model lies in the relation between frequency and am-
plitude of the response of the operator. It is known that 
the error reduction by the operator decreases as the fre-
quency of the response increases. The frequency at which 
the error signal is reduced by the operator to half its am-
plitude, defines the crossover frequency. The effective time-
delay has the same signification as in the critical tracking 
task. Both parameters are functions of the task variables. 
The model is valid only for continuous random inputs. 
2.4. Evaluation. 
The one-variable measurements lack analytic power. They are 
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only suitable for investigation of general features of the learning 
process. 
If, for instance, in pursuit rotor experiments, frequency of target 
hits (R+) is the experimental variable, the course of (group) learn­
ing can be described by means of equations like the Gompertz - Cour­
tis equation, as adapted by Noble (1957a, b ) . In this equation the 
probability of a target hit p(R+) is a function of a number of vari­
ables such as e.g. number of trials, initial probability of R+, task 
complexity, feedback factors. This equation is reported to give a 
close fit (error variance < 1 %) both to hypothetical data, derived 
from the Hull-Spence theory (Lewis, 196G), and to experimental data 
(Noble, 1955). 
The application of one of the servo-models to human tracking beha­
vior seems at first sight advantageous. The apparent analytic power 
due to the usually large number of parameters, also seems to promise 
a good predictability. 
However, besides an amount of unexplained variance due to behavioral 
η on-lineaг 11ie s, they have other disadvantages. The transfer function 
has to be determined for every single response, because in determining 
a mean response, behavior characteristics which do not exist might 
be attributed to the operator. If, for instance, the response to a 
step deflection is in actual fact more or less undamped, then aver­
aging a number of responses, because of the variable delay, might 
yield a critically damped response (See Fig. 5 ) . 
It is also difficult, in most cases, to determine the functional 
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Figure 5. A v e r a g i n g a number of step l e s p o n s e s wilh different d e l a y s , 
which are in actual fact more or less u n d a m p e d , might yield a c r i t i ­
cally damped r e s p o n s e . 
r e l a t i o n s h i p s between e x p e r i m e n t a l v a r i a b l e s and pardmeters 
in the m o d e l . 
Fuгth ermαre the models are not a n a l y t i c a l in the s e n s e , that 
their p a r a m e t e r s are d i s t r i b u t e d over the whole system; from 
other evidence they s o m e t i m e s can, at least to a ceitain ex­
tent, be assigned to s t r u c t u r a l parts of the system, for ex­
ample in the case of time c o n s t a n t s partly consisting of 
n e u r o n a l conduction t i m e s . 
The g e n e r a J i t y of the models is also very restricted; they 
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are only valid for the tasks and forcing functions for which 
they have been derived. 
Moreover, little is known about their dynamic properties. 
A few studies are concerned with changes in the human trans-
fer function as a result of learning (e.g. Garvey and Mitnick, 
1957; Fuchs, 1962; Timpe, 1965); Fitts (1959) proposed that 
the operator progresses to an increasingly higher order of 
control as a result of practice, which means that the number 
of derivatives of the transfer function increases during learn-
ing. 
Therefore, there is reason to agree with Young (1969), review-
ing models for manual adaptive control: "The descriptions put 
forth either describe the end states reached by the human ope-
rator, without indicating the means by which the process takes 
place, or they fall into the category of very general schemata", 
therefore " it is no surprise, that we are unable to 
model the human operator adaptive characteristics using current 
techniques of automatic control" (p. 66D). 
2.5. Conclusions . 
None of the measurement techniques, frequently used to measure 
tracking proficiency, will meet the purpose of this study, be-
cause they all suffer from a lack of explicative power. 
Therefore, other types of measurement should be tried, in better 
agreement with a functional analysis of the responding system, 
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Chapter III. 
APPARATUS AND DATA P R O C E S S I N G . 
3.1. Tracking device . 
Most of the experiments were carried out with a common ex­
p e r i m e n t a l s e t - u p , which will be described in this p a r a g r a p h , 
This set-up s a t i s f i e s the s u g g e s t i o n s and c o n c l u s i o n s c o n ­
cerning the experimental a r r a n g e m e n t made in Sectionz 1 .10 
and 2.5. In sone i n s t a n c e s , e x t e n s i o n s of the basic set-up 
were needed (see Section 3 . 5 ) . The display of the tracking 
apparatus consisted in a c a t h o d e - r a y t u b e , diameter 27 cm, 
on which a steady c e n t e r p o i n t was v i s i b l e . From this c e n t e r -
point a lightspot jumped a fixed distance {A cm) in a h o r i ­
zontal or a vertical direction or in both d i r e c t i o n s s i m u l ­
t a n e o u s l y , constituting э diagonal s t e p . The t i m e - i n t e r v a l 
between s u c c e s s i v e d e f l e c t i o n s was 4,8 or 12 seconds in an 
u n p r e d i c t a b l e s e q u e n c e . The p r o b a b i l i t y of o c c u r e n c e of a 
v e r t i c a l , a h o r i z o n t a l or a diagonal deflection was ~ each. 
M o r e o v e r , t^e sequence of h o r i z o n t a l , v e r t i c a l and diagonal 
stepwise d e f l p c t i o n s was i n d e p e n d e n t . The time of o c c u r r e n c e 
and the direction of the step was thus u n p r e d i c t a b l e , with 
one r e s t r i c t i o n h o w e v e r . After a leftward step the next h o ­
rizontal deflection would be to the r i g h t . After an upward 
deflection the next vertical step would always be d o w n w a r d s . 
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Figure 6. Sketch of t h ρ e x p c i i m e n ' j l arranqeTiLnL. 
5' s task was to e n n p e r s a t e for th L
j
 d e f l e c t i o n s fium the c p n t e r -
poinl as quick and occuro Ρ as p o s s i b l e . He was able Lo du so, 
seated at a d i s t a n e ? of approximately 75 cm from the c a t h o d e -
ray Lube, by turning twe k n o b s , one with eacn hond, varying 
two infinite r e s o l u t i o n p o t e n t i o m e t e r s with a circle of lotation 
о 
of 270 . The cne r e s i s t a n c e controls the h o r i z o n t a l , t h E other 
the vertical position of the spot; the amount of rotation need-
o 
ed to c o m p e n s a t e for a deflection was 90 . For an outline of 
the e x p e r i m e n t a l s e t - u p , see Fig. 6. 
3.2. D e f i n i t i o n of the m e a s u r e d v a r i a b l e s . 
The measured v a r i a b l e s were the latency of the response or 
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Figure 7. Deflection and a hypothetical response. 
HT is defined as the time interval from the onset of the deflection 
to the start of the response; the error is integrated over an inter-
val of 300 msec, which yields the quality Q of the response. 
reaction time (RT) and the quality of the response ( Q ) . 
RT is measured in msec, starting at the appearance of a step 
deflection and terminating with the onset of the 5's response 
at the appropriate compensation knob. The initial compensation 
action may be a turn of the knob in the wrong direction; this, 
however, does not influence RT, but only Q. 
Q is defined as a constant number minus an integrated error. 
The constant is chosen in order to obtain positive numbers in-
creasing with the rapidity of error elimination. The error is 
integrated over an interval of 300 msec from the start of the 
reaction. In Fig. 7 the integrated error is indicated by the 
shaded area. 
The error integration is limitel in time because over longer 
intervals integration would be determined mainly by a visual 
feedback loop and not by a preset program. By integrating 
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over a short period we hoped to reduce the influence of the 
feedback action and bring out more selectively the quality 
of a stored motor program as exhibited by the primary action 
of 5 (see Sections 1.3 and 1.8). 
After a proper warming-up time for the electronic equipment, 
measurement errors were very small ( < 0 . 5 % ) . 
3.3. Data processing. 
The values of RT and Q, obtained at every trial for each of 
the two knobs, were stored into a memory. At tne start of the 
next trial the content of the memory was read out, punched in 
paper tape, coded separately for horizontal steps (H), verti-
cal steps ( V ) and the horizontal (DH) and vertical (DV) com-
ponents of a diagonal step. The punched tapes were processed 
afterwards by a computer and the following measures were ob-
tained for every single session (to be defined later on): 
1) <RT> = mean of RTs of all responses H, V, DH and DV, with 
the exception of the first fifteen responses of each session, 
2) < Q > = mean of Qs of all responses H, V, DH and DV, with 
the exception of the first fifteen responses of each session, 
3) The standard deviations of all values mentioned above. 
4) Cumulative distributions of all values mentioned above. 
5) Coefficients of correlation of horizontal and vertical 
RTs and Qs obtained in response to diagonal steps. 
The first fifteen RT and Q measurements were omitted because 
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these showed a clear warming-up effect, which we did not 
want to include in our analysis (Adams, 1952; Koonce et 
al. , 1 964 ) . 
3.4. Sensitivity of measurement. 
For the purpose of revealing learning behavior measure­
ments must be sensitive to performance differences. In or­
der to test such sensitivity a comparison was made between 
tracking performance - as measured in RT and Q - of chil­
dren (aged six to nine) and aaults. These groups are known 
to differ on s e π s оry-m оtо г tasks, piobably for maturational 
reasons. A clear performance difference between the groups 
could be demonstrated (See Figs. 10 anc 11 on pp. 63 and 64) 
thus justifying the assumption of sufficient sensitivity of 
measurement with respect to both RT and Q. 
3.5. Extensions of the original set-up. 
According as the experiments with the original set-up pro­
gressed, see Chapter IV, extensions of this set-up appeared 
to be necessary. Although these extensions originated during 
the course of the experiments as described in Chapter IV , 
they are listed below for reasons of method, 
a) A comparison was made between visual and tactile tracking 
performane e. The tactile tracking stimuli were presented 
to the subject's forehead by means of a round-ended pin, 
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moved by an x-y plotter. The tactile end-organs, being receptive 
to pressure changes only, were given continual stimulation by 
imposing a ouick vibration upon the movement of the plotter. A 
circular patch of paper, glued to the middle of S's forehead, 
damped the vibration, thus effecting differential stimulation 
by the stylus when on the target patch. Again S had to compen­
sate for deflections from the target. Arrangements were made to 
keep S's head in a fixed position. 
b) In another experimental condition further to be referred to as 
"stress condition", a secondary task was imposed upon S while 
performing visual tracking. A high or low frequency tone of 
about 40 db. was presented by earphones simultaneously with the 
deflection of the light spot. The tone which lasted 0.Θ seconds 
had to be stopped by 5 by pressing a left or a right foot pedal. 
Pressing the wrong pedal and not pressing it within the time 
interval during which the sound was present resulted in an error. 
Beforehand, Ss in the stress condition were given a training on 
the secondary task to reach a certain performance level. During 
the experiment they were motivated rather to gain less in the 
tracking task than to drop below performance level in the second­
ary task. 
Instead of presenting the stimulus of the secondary task simul­
taneously with the deflection of the light spot, the tone could 
also be made to occur at the moment 5 turned the knobs. 
c) In some conditions, Ss were confronted with changes in controls. 
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These could be: 
i) change in amplitude of controls. 
li) replacement of the knobs by joy-sticks to be moved 
backwards and forwards. 
ili) replacement of the potentiometers by switches yield­
ing an all-or-none response. 
d) In order to influence - actually delay - S's visual feed­
back, the light dot could be made to disappear at the on­
set of the response. The stimulus appeared again after 
3DG msec (also end of error integration interval; see 
Section 3.2). Meanwhile, 5 had completed his original res­
ponse and he could make the necessary corrections to be 
ready for the next trial. 
3.6. Definition of the responding system. 
A system M, reacting to a stimulus 5 with a response R can 
be described by R(t) = F [S(t),M(K)] (B) 
in which К = trial number, t = time starting with initial 
stimulus and which may be visualized according to Fig. B. 
Because M mediates or intervenes between the external vari­
ables 5 and R and because system properties may change as a 
result of stimulation M is called an intervening variable. 
Moreover, M is conceived of as a black box, an element de­
void of internal structure. Black box theory (e.g. Bunge, 
« 
The author is indepted to drs. J.H.G. Klabbers for his valuable 
suggestions on this subject matter. 
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1967) has the advantage of not focussing on the structure 
of systems but on their behavior; it accounts for this in 
terms of net causes (inputs) and net effects (outputs), 
mediated by unspecified intervening variables without re­
ference. 
Black box theories are often used at a stage of theory 
construction in which systema11 ζ a110 η of data is more im­
portant than theory construction. The description of a 
system by means of input-output relations commits a study 
to no one specific mechanism, but leaves the possibility 
of hypothesizing any mechanism. 
After a definition of the system according to Eqn. (Θ), the 
analysis may proceed. After a new research cycle the system 
may be analysed into a system of smaller black boxes, as 
elemen ts af the original system, and is, for instance, re­
defined as: 
R(t) = F [ S(t) ,m1 (K) ,m 2(K) , m (К) ] , 
see Fig. 9. 
The result of such an analysis is accepted as partially true 
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Figure 9. See text. 
not just if it consistent with the general input-output 
relation of the original definition, but only if it is 
also compatible with known laws and predicts effects 
which are otherwise unpredictable. 
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Chapter IV. 
EXPERIMENTAL CONSTRUCTION AND VALIDATION DF A MODEL. 
4.1. Introduction . 
The experiments described in this chapter are designed to 
construct and validate a model for two-dimensional compen-
satory tracking behavior. 
Definitions of the measured variables and the different ex-
perimental arrangements used are described in the previous 
chapter. The results of each experimental cycle are expressed 
in a model of the black box type as discussed in Section 3.6. 
4.2. Normal learning condition. 
Learning curves, for both <RT> and <Q> , were obtained 
from experimentally naive 5s on the original tracking task 
as described in Section 3.1 . 
In Fig. 10 a RT learning curve of an adult 5 is shown. All 
experiments with adult Ss under this condition show an ini-
tial <RT> between 650 msec and B50 msec; after about 15 
sessions, this levels off to between 300 msec and 400 msec. 
The learning curves of all adult Ss are similar, although 
individual differences exist in the general level of <RT> . 
In Fig. 11 the Q learning curve of the same S is shown. The 
Q learning curves of all adult Ss likewise have a similar 
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Figure 1G. Three RT learning curves, typical for different conditions, 
Each point represents the mean value <RT> of a session, consisting 
of 15G trials. Vertical bars indicate σ of RTs. 
course; moreover, they also level off after the same number 
of sessions as the corresponding RT learning curves. 
For the sake of comparison, Figs. ID and 11 also show the 
RT learning and Q learning curves of a child of eight years 
of age (See Section 3.Δ). The relation between <RT> and 
corresponding < Q > values is in first approximation a linear 
-63-
950 
900 
850 
BOO 
750 
700 
<0>-
I 
> - + -L---K 
r 
^ - + V - k 
л-
- normal 
condition 
- stress 
child 
10 
-Irsession number 
Figure 11. Three Q learning curves typical for different cunditions; 
5s are the same as in Fig. 1D. Each point represents the mean value 
< Q > of a session, consisting of 150 trials. 
one. In this condition, the constant of proportionality is 
approximately the same for adults as for children; however, 
this constant appears to be dependent on experimental con­
ditions (see Section 4.4). 
In Fig. 12 the standard deviations of RT values and cor­
responding Q values from an experiment in this condition 
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Figure 12. Standard deviations of RTs and Qs plotted against session 
number. Data from an experiment in the normal learning condition. 
are shown, plotted against session number. The variability 
of RTs dnd Qs decreases considerably with an improvement 
in the mean of the measured quantities. This equally appeared 
to be the case, moreover, for all other experimental conditions 
in the present study. 
The standaid deviation σ , plotted against <RT> in the 
π Τ 
course of learning appears to yield a linear relation 
a R T = a < R T > + с , 
where a and с are constants. For the adult 5s the value ofa 
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Figure 13. Explanation see text. 
ranges from 0.5 to D.7 and the value of с from D.17 to 0.32 
sec., whereas the three children participating in the expe­
riments obtained as between 0.4Θ and 1 .0 and с values be­
tween 0.44 to 0.64 sec. It appears also that the learning 
curves of <RT> and the corresponding <Q> by a 5, are 
similar to each other (see Figs. 10 and 11). Therefore, there 
is no reason to assume that the RT values and the correspond­
ing Q values are generated independently of each other; si­
milarly, in the model below, describing tracking behavior 
as it is observed in this condition, the black-box M cannot 
be divided into functionally different parts (see Fig. 13). 
4.3. Correlations among compensatory responses to diagonal deflec­
tions . 
In previous Sections (Section 1 .9; see also Section 1 .7) the 
possibility has been discussed that length of the RT- inter­
val influences the quality of the motor programs. If this is 
true, there must be a correlation between magnitude of RT and 
corresponding Q values. 
Correlations among responses simultaneously performed may 
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Figure 14. Correlation coefficients averaged over ten 5s, plotted 
against session number. H and V аг э the "horizontal" and "vertical" 
compensations in case of diagonal stepwise deflections. 
also provide information on other factors. After a diagonal 
stepwise deflection a subject may either try to compensate 
along one axis first, and then along the other, or he may 
try to compensate for both deflections simultaneously. There 
is also a possibility that successive compensations occur 
more frequently in the early responses whereas compensations 
become more or less simultaneous as learning proceeds. 
From the experiments, it follows, that the correlation co­
efficients show rather large variations during learning by 
individual subjects. Dnly the correlation between horizontal 
and vertical RTs is always positive. In order to obtain an 
overall view, the correlation coefficients of ten subjects 
were averaged; the mean values are plotted against session 
number in Fig. 14. It appears that only correlations between 
RTs and to a lesser degree between Qs for combined horizontal 
and vertical responses to diagonal deflections are substanti­
ally different from zero. The correlation between RTs and 
corresponding Qs is very small or zero. 
Therefore, the change in magnitude of the correlation of RTs 
for combined horizontal and vertical responses as an indica­
tor of the progress of learning is not very promising; there 
is only a slight increase which is difficult to establish for 
individual subjects at a significant level. 
The fact that RT and Q values show little or no correlation 
is нг indication that these values are generated independently 
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Figure 15. Explanation see text. 
of each other. It is likely therefore thdt in the model of 
Fig. 13 the black box M consists of at least two components, 
a time consumino Τ component and a Q component, both capable 
of learning. This assumption will be tested in the next Sec­
tion. In fig. 15 the Τ component is pictured in front of the 
Q component This is done because it is physiologically reason­
able to assume that input signals are processed first before 
an appropriate ccmrrand signal for motor action can be obtained. 
4.4. Test of the model. 
That the two functional components Τ and Q exist independent­
ly can be demonstrated if RT learning and Q learning are affect­
ed selectively by some experimental variable, 
Naive subjects performing in the "stress condition" (See Section 
3.5) show an initial <RT> much greater (- 200 msec longer) 
than subjects in the normal conditions; the course of RT learn­
ing is also extended over approximdtely 5 more sessions. The 
difference between a ti learning curve in this condition and the 
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Figure 16. RT learning, η on со in с ι de ηt with Q learning. During the 
first eight sessions 5 is operating two switches; in the follow­
ing sessions the switches are replaced by graded response poten-
t ю т е t er s . 
same curve in the normal condition is very small or even 
absent. For an example of RT and Q learning curves in the 
"stress" condition, see Figs ID and 11, respectively. In 
this condition, therefore, the constant of proportionality 
of the linear relation between <RT> and corresponding 
<Q> values differs considerably from the one obtained in 
the normal condition. 
I f,h owever , the auditive stimuli are presented on the mo­
ment S turns the knobs,no effects on Qs are found;this 
points to a difference in function of Τ and Q components. 
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Other evidence for independence of the cornponents Tand Q is 
obtained if RT learning can be made π on-с о in с ι de π t with С 
learning. This is dene by changing the task from turning 
the knob of a potentiometer to manipulating a switch. When 
the proper switch is pulled, the quality of response is per­
fect because the spot returns to the centre immediately. 
Thus the graded mntor action is replaced by a simple all-
or-nothing motor response. When a naive 5 has almost reach­
ed the end of such RT learning , the switches are replaced 
by the graded potentiometers of the normal condition (Sec­
tion 3.1) and 5 finishes learning. The RT learning curves 
thus obtained are not different from those in the normal 
condition. Apparently, Q learning is postponed during the 
first trials in the normal set-up, but made up for later an. 
There are indications that Q learning curves obtained this 
way, i.e. after RT learning is almost completed, show a much 
greater acceleration than other Q learning curves obtained 
from naive Ss in all other conditions of this study. For an 
example of RT and Q learning curves in this condition see 
Fig. 16. 
4.5. Extension of the model. 
The two tests of the previous Section proved the model pro­
posed in Section 4.3 to be valid. From the fact that the Τ 
element operates independently from the Q element it can be 
•71· 
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Figure 17. Reversal learning in RTs. At the end of a normal learning 
session the two compensation knobs are interchanged. A considerable 
amount of re-learning in RT is necessary. See also Fig. IB. 
concluded that the signal which is emitted from the Τ ele­
ment to the Q element is a real trigger signal. 
Therefore, besides stimulus analysis, the Τ element has 
still another function to perform. This function is illu­
strated in the following experiments. If at the end of a 
normal learning session the two compensation knobs are in­
terchanged, a certain amount of re-learning (reversal learn-
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Figure 1И. Npversol Івнгпіпу in Qs corrEsj-onding to PTs of Fig. 1 "? , 
ing)has to take p l a c e . Ntjw learninij curves are et^ecially 
pronounced in meisuied R T s , (see F i g s . 17 and IB) deb^ite 
the fact th^t the analysis of the signals ani the motor 
pregia ri' s to be executed must be the sairt as in t h L normal 
learning s e s s i o n s . Reversai l e a r n i n g , t h e r e f u i e , find' its 
cuusc in the fact that in the second e x p e r i m e n t the analysed 
signals have to be coupled in a different way to the motor 
actions compared to Ihe first e x p e r i m e n t . In other w o i d s , 
the analysed signals have to be t r a n s f o r m e d into different 
trigger signals for the motor a c t i o n s . As a c o n s e q u e n c e , the 
Τ element can be devided into two different c o m p o n e n t s accord-
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Figure 19. Explanation see text. 
ing to the two functions it has to perform; the one ele­
ment will be called the analyser because of its stimulus 
analysing function and the other the trigger director be­
cause it directs trigger signals to the appropriate motor 
programs. 
The completed model is pictured in Fig. 19. 
The differences between RTs of responses to single and to 
diagonal steps to be observed in reversal learning (see 
Fig. 17) will be discussed in Section 6.3.2. 
4.6. Further experiments. 
The experiments described above and the model completed 
thus far provide an opportunity for studying the three 
с om ρ on e ηts s epa rate 1 y ; accordingly, three different learn­
ing phenomena in compensatory step function tracking can 
be distinguished. 
First, by varying the sensory signals or by varying the 
requirements for the combination of these signals, it is 
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possable to study the analysing function. Second, by re-
versing the connections between sensory signals and re-
quired responses, and the resulting amount of reversal 
learning, the learning of the trigger director is selec-
tively studied. Third, by changing the nature of the re-
quired response, it is possible to trace the build-up of 
the motor programs. Learning the tracking task can be un-
derstood as the shaping and gradual improvement - up to 
a certain level - of the functional componentsA necessary 
condition for learning is the observation of one's own 
error, i.e. visual feedback (e.g. Smith et al., 1963). 
The experimental set-up allows the study of the influence 
of this experimental variable upon the three different 
learning phenomena. 
4.6.1 Experiments on the analyser. 
In this study, an attempt has been made to study stimulus 
analysis by a comparison of tracking performance in two 
different sensory modes, i.e. between visual tracking per-
formance in the normal learning condition (Section 3.1 ) 
and tactile tracking performance (Section 3.5). 
Typical RT and U learning curves are shown in Figs. 2D and 
21 respectively. Compared to visual performance, there is 
a discrepancy between tracking along the horizontal and 
the vertical axis, the latter being more difficult for all 
Ss . 
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Figure 2 0 . T y p i c a l RT l e a r n i n g curve of tactile tracking p e r ­
f o r m a n c e . Each point r e p r e s e n t s the mean value < R T > of 100 R T s . 
" Н о г . " and " v e r t . " are the h o r i z o n t a l and v e r t i c a l c o m p e n s a t i o n s 
to both single and d i a g o n a l s t e p s . (See also Fig. 2 1 ) . 
4.6.2 E x p e r i m e n t s on the trigger d i r e c t o r . 
As has been outlined in Section 4.5, the trigger d i r e c t o r 
can be s e l e c t i v e l y studied by reversing the two c o m p e n s a t i o n 
knobs after c o m p l e t i o n of a learning c o u r s e . A c o n s i d e r a b l e 
amount of r e v e r s a l learning is n e c e s s a r y , notably for RTs 
(see F i g s . 17 and 1 Θ ) . Experimenting on parts of the trigger 
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Figure 21. Typical Q learning curve of tactile tracking performance. 
Each point represents the mean value <C1> of 1DG Qs. "Ног." and 
"vert." are the horizontal and vertical compensations to both single 
and diagonal steps. 
director can be done by changing the polarity of one or both 
knobs. The results of the experiments on parts of the trigger 
director are not consistent as a whole, probably due to a 
small number of Ss (only 3 ) . 
4.6.3 Experiments on the motor programs. 
Experiments on motor programs have been undertaken by substi­
tuting the controls of the original set-up (Section 3.1 ) by 
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two other types of controls, viz., with an amplitude twice 
that of the original set-up and with joy-sticks (see Section 
3.5). The effects of these changes were apparent only in the 
first fifteen trials of the first session after the change 
in condition. These effects are apparently not large enough 
to yield reliable learning curves. Wo other attempts have 
been made to investigate the build-up of different motor pro-
grams . 
4.6.4 Experiments with feedback delay. 
As has been outlined in Section 3.5, Ss visual feedback could 
be influenced by making the light dot disappear at the onset 
of the response. 
It appeared that in this conditon 5s showed either RT learn-
ing or Q learning; no S showed both learning phenomena in this 
condition. Moreover, there seemed to be a preference for Q 
learning, because six Ss showed this type of learning, where-
as RT learning was demonstrated by only three 5s. Attempts to 
establish a preference shift by means of instructions failed 
with all subjects. There are also indications that RT learn-
ing in" this condition is lower than it would be without feed-
back restriction, whereas the rate of Q learning seems to be 
uninfluenced by it. (For two typical learning curves see Fig . 
29 on p. 102. 
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Chapter V. 
DETECTION AND DECISION THEORY APPROACH TO GRADUAL LEARNING PHENOMENA. 
5 . 1 Introduction. 
The first aim of this study, a functional analysis of the 
responding system, has been achieved in the previous chap-
ter. Three functional components have been determined: a 
stimulus analyser, a trigger director and motor programs. 
In accordance with the second aim of this study, an attempt 
has been made, also in the previous chapter, to determine 
their share in the learning process of the system as a whole. 
In order to assess the contribution of the components of the 
model to the learning process of the entire system, different 
learning curves must be compared. Apart from the fact that 
individual differences make it difficult to compare learn-
ing curves of different 5s obtained in the same condition, 
a comparison between curves of RT learning and Q learning 
also encounters difficulties because RT and Q are expressed 
in quantities with different dimensions. 
Therefore, it would be advantageous to express all learning 
phenomena within the same measurement scale and to define 
the zero and unit of this scale for all subjects in the same 
way. A theory which may yield an opportunity for doing this 
has recently been developed by Eijkman (1970 a, b ) , 
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using a detection and decision theory approach to learning pheno­
mena. 
The learning process is generally always described as an average 
quantity improving with practice. However, another important feature 
of the learning process lies in the fact that the measured proper­
ties of the responses fluctuate from trial to trial (e.g. Busch &. 
Estes , 1959). 
In psychophysics of perception, the statistical nature of the res­
ponse process, despite constancy of stimulation, is a property to 
be considered. Detection and decision theory (e.g. Green &. Swets, 
1969) has given an acceptable description of the psychophysical 
properties of the responding system and proved to be successful 
in explaining fluctuations in responses. 
It has been argued (Eijkman &. V e n d n k , 1963) that these fluctua­
tions result from "noise" generated by the perceptual system 
itself. Detection and decision theory postulates a decision vari­
able X which is distributed normally. The average value < X > and, 
in some instances, the variance <3 are d etermined by stimulus 
strength. S then decides to which of two distributions f(X.) or 
f(X.) the received neural signal (the momentary value of the de­
cision variable) belongs; X corresponds with a stimulus strength 
5,, X, with a stimulus strength S . In order to make a decision S 
1
 J J 
uses a preset criterion С in such a way as to maximize his expec­
tation in view of the costs of a wrong decision and of the profits 
of a correct one. In many cases in which 5 is noise alone and S 
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is signal plus noise the concept of a likelihood ratio is 
used, the logarithm of which is normally distributed for 
Gaussian noise. Again, the receiver may use a criterion, 
but now for the likelihood ratio (Green and Swets, 1969). 
The d etection and decision theory approach of gradual 
learning processes,as proposed by Eijkman (1970 a,b) is 
able to account for both an improvement in average value 
of the measured quantity (i.e. learning) as a result of 
practice and trial-to-trial fluctuations in the magnitude 
of this quantity. This approach also postulates a randomly 
fluctuating state variable X, assumed to be distributed 
normally. The value of the measured quantity (RT or Q in 
this study) obtained in each trial is determined by the 
magnitude of the fluctuating X at that particular moment, 
whereas learning results from an increase in < X > caused 
by practice. Rather than a complete description a brief 
outline of this approach will be given in this chapter. 
There is an analogy between this description of the learn-
ing process and the Hull-Spence learning theory, which will 
also be discussed briefly. 
5.2. Postulation of state variables. 
The learning model starts by postulating a state variable 
X, which reflects what may be called "the aptitude of the 
system to give a particular response". In learning e x p e n -
-81 . 
merits with goldfish ( E i j k m a n , 197Ü a) the state variable reflects 
the a p t i t u d e of the a n i m a l s to swim to the other side of a tank 
at the onset of a light signal in order to avoid electric s h o c k . 
The r e s p o n s e can be made more d i f f i c u l t by inserting barriers of 
di f f e r e n t h e i g h t s ; the dif f e r e n t b a r r i e r h e i g h t s also serve as 
d i f f e r e n t c r i t e r i a with which the r e s p o n s e s can be compared. 
In the tracking e x p e r i m e n t s of this study two state v a r i a b l e s 
are p o s t u l a t e d . One state v a r i a b l e , X D T > r e f l e c t s the aptitude 
R Τ · 
of the system to give a quick response (shorter R T ) , whereas the 
o t h e r , X , reflects the ap t i t u d e of the system to give a high Q 
Ц 
score. This means that a X
n T of a particular value results in a 
R Τ 
RT of a particular quickness; a particular Q-value is likewise 
determined by a particular value of X . 
During learning, however, there is in general no systematic in­
crease in performance from one trial to the next, but only in 
the means of a number of performance scores; in other words there 
are f1uctua11 on s in the responses of the system. Therefore, the 
state variables X
nT. ana X are assumed to be fluctuating quanti-R Τ Q 
ties also, 
For the sake of convenience, it is initially assumed that the ap­
titudes X,-... and X are normally distributed with mean values 
R Τ Q 
< X > and <X > , and variances σ and σ respectively. 
R T
 ü
 XRT XQ 
This assumption may be tested by means of ROC curves, if it is 
possible to compare the responses of the system with different 
criteria. The normal distribution is given by 
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w{x) = — L 
\ ^ 2 π 
( χ - < x > )' 
2σ, 
(9) 
Learning of the system c o n s i s t s in an increase in < X > 
R Τ 
and < X > as a result of p r a c t i c e . The d i s t r i b u t i o n W ( X ) 
Ц 
thus changes also because of changes in < X > and possibly 
5.3. R e l a t i o n s h i p between state v a r i a b l e s and measured v a r i a b l e s , 
As has been outlined in the previous s e c t i o n , the state 
variable reflects the a p t i t u d e of the system to give a 
p a r t i c u l a r r e s p o n s e . The m a g n i t u d e of X at a certain 
R Τ 
moment d e t e r m i n e s the m a g n i t u d e of the RT of the r e s p o n s e 
at that m o m e n t . It seemed c o n v e n i e n t to describe the latter 
dependency as a n e g a t i v e m o n o t o n o u s r e l a t i o n s h i p between X 
and RT, i.e. the greater the m a g n i t u d e of Χ _
τ
, the s m a l l e r 
the RT of the r e s p o n s e . T h e r e f o r e , the p r o b a b i l i t y of a RT 
having at least a certain m a g n i t u d e depends upon the p r o b a ­
bility that X O T has at least a m a g n i t u d e C. (See Fig. 2 2 ) . 
R Ί 
The p r o b a b i l i t y of X ^ C is given by 
Η I 
P ( X R T > C ) 
(X 
RT < X R T > >' 
2σ„ , dx 
(10) 
RT 
By changing variables, Eqn (1D) becomes 
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f(x) 
<X> aptitude Χ 
Figure 22. The state variable X, a fluctuating quantity, determines 
the probability that the system gives a particular response. The 
state variable is called the aptitude X; it has a mean value < X > 
and a standard deviation σ . When X^C the system will show the 
particular response associated with С . 
p ( x R T > c ) - - L ƒ 2 .dy (11 ) 2 T J (C - < Χ>)/σ 
From the foregoing it follows that ρ(RТ^у msec) = p(X ^ C ) . 
К 1 
The lower boundary of Eqn. (11) is tabulated; the proportion 
of RTs which satisfy RT^ymsec, can be found experimentally 
and gives an estimate of p ( R T ^ y m s e c ) . Entering the tables 
with a value for ptRT^ymsec) yields the value of the com­
posite quantity 
C
 -
< X R T > 
RT 
The essence of the method lies in the fact that the experi­
menter is free to compare the responses of 5 with different 
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criterion values. The model, will therefore be called "the 
criterion model". For instance, it can be stated, that for 
all R Τ s <: 4 5 0 msec the criterion value С = 0 and for all 
RTs^4DD msec the criterion value С = 1. The X-axis is 
then specified. 
If η = number of RTs^45D msec, η = number of R T s ^ 4 D 0 
msec and N = total number of RTs, then for an experimental 
session it follows that 
—¡- ~ ρ (RT < 450 msec ) S -
 < XRT > (12) 
— ~ ρ (RT < 4DD msec) 
M 
From 
RT 
C 2 - ^ R T * 
RT 
Eqn. (12) and (13) the unknown quantities <X 
R Τ 
(13) 
> and 
σ can be computed. The C-values for other RTs can now be 
computed. If for instance η = number of RTs^y msec then 
from 
~ ρ(RТ^ y msec 
N 
C3 - ^ R T * 
RT 
the unknown С corresponding with у can be calculated (see 
Fig. 2 2 ) . 
In Fig. 23 the criterion values belonging to RTs and Qs 
(expressed in % error reduction) are pictured the normal 
learning condition and in the tactile learning condition 
)5-
criterion value С criterion value С • 
100 
e r r o r 
reduction -2 (%) 
• visual display 
о tactile display 
Figure 23. Calculated criterion values corresponding to different 
qualities of responses (i.e. percentages of error reduction, left 
Figure) and to different reaction times (right Figure). 
It is clear, that RTs < 150 msec and Q-values corresponding to 
10 0$. error reduction are responses which cannot be achieved by 
5s; therefore, the criterion values corresponding with these RTs 
and Qs have an infinite magnitude. 
When for each session the C-values of RTs and Qs are known, the 
mean aptitude to give a short RT, < X > and the mean aptitude 
R Τ 
to give a good Q , < X
n
> can be computed per session. 
w 
In Fig. 24 an example is given of learning curves of a single 5 
obtained in the normal learning condition (Section 3.1 ) with re­
sults expressed in <-XQ T'
>
 and <X > . As can be seen, a far more 
accurate comparison of the courses of RT and Q learning can be 
obtained this way than would be possible by comparing learning 
courses expressed in RT-values (msec) and Q-values. 
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—f session number 
• · quality of response 
о с reaction t ime 
10 15 20 
—- session number 
Figure 24. Learning curves obtained in the normal learning condition 
with results expressed in < X > and ^^n'' • The aptitude of the 
system to give a short reaction time improves in much the same way 
as the aptitude to give a response of good quality. 
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5.4. 
In Fig. 24 the learning curves of RT and Q have a similar 
course. Gne restriction has to be made because the scales 
for < X -> and <X > , or in other words, the criterion 
H I Ц 
values C„ and С . are chosen in such a way that regions 
Q RT •* a 
near the middle of the curves c o i n c i d e . 
The c o u r s e s of σ
γ
 and σ
ν
 are also plotted in Fig. 2 4 . 
X R T χ α 
It is interesting to note that there is only a small d e -
сгеаье in v a r i a n c e during l e a r n i n g . The same p h e n o m e n o n 
has been observed by Eijkman (1970 a) in learning e x p e r i ­
ments with g o l d f i s h . 
A p p a r e n t l y , the learning system is only to a limited extent 
c a p a b l e of reducing f l u c t u a t i o n s in its r e s p o n s e s . 
Relation between the c r i t e r i o n model and the H u l l - 5 p e n c e 
learning theory. 
In the H u l l - S p e n c e learning theory (e.g. S p e n c e , 1 9 5 6 ) , 
the p r o b a b i l i t y of a r e s p o n s e Ρ depends upon the m a g n i t u d e 
π 
of E, i.e. the m o m e n t a r y reaction tendency or m o m e n t a r y 
e x c i t a t o r y p o t e n t i a l . This m o m e n t a r y reaction tendency E 
is an intervening v a r i a b l e or state v a r i a b l e , which is a 
function of an e x c i t a t o r y p o t e n t i a l E and an o s c i l l a t o r y 
i n h i b i t i o n I a c c o r d i n g to E = E - I . The m a g n i t u d e of 
о о 
E is indirectly related to the number of reinforced trials 
N, w h e r e a s the o s c i l l a t o r y i n h i b i t i o n I represents f l u c ­
tuations in b e h a v i o r and is assumed to be normally d i s t n -
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Figure 25. Diagram showing the gradual movement of the oscillatory 
inhibition distributions (bell-shaped areas) across the reaction 
threshold L with the growth of the excitatory (reaction) potential 
E (upper curve), according to the Hull-5pence learning theory. 
(After Bpence, 1956). 
buted (see Fig. 25). A response results if E exceeds the 
threshold value L, or if E > L-I 
о 
The Hull-Spence theory like the criterion model also assumes 
a state variable, which is normally distributed and whose 
mean value increases as a result of practice. Explicative 
power of the Hull-Spence theory is weakened because of the 
fact that in this model it is difficult to compare the per-
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formance of Ss with different criterion values. 
5.5. Discussion. 
It has not only been demonstrated (Eijkman, 1970 a) that 
the hypothesis of a normally distributed state variable X 
holds but also that it yields an acceptable description 
of the learning process. 
While focussing upon fluctuations in responses, as detec-
tion theory does, the model studies the properties of 
"noise" in systems capable of learning without making in-
ferences about the components of learning. 
In the learning tasks, the responses of Ss are related 
by the experimenter to different criterion values. The 
zero and unit of the measurement scale are defined by 
means of two standard criterion values according to ob-
servable physical magnitudes. The fluctuations within the 
system are represented in the variance of a composite mag-
nitude X, whose value determines the response of 5. 
It is now easy to compare RT learning curves, and also Q 
learning curves for different Ss and for different con-
ditions because the criterion values (and therefore the 
zero and unit of the measurement scales) can be chosen 
the same for all Ss. 
RT learning curves and Q learning curves are also comparable 
after a transformation in X D and X learning curves. The 
HT (J 
-go-
reasan for this is, that the state variables reflect 
random fluctuations as an additive cumulation of 
effects. Moreover, the X D T and X measurement scales 
can be chosen by the experimenter as to facilitate 
the comparison. 
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Chapter V I . 
EVALUATIUN AND DISCUSSION; SUGGESTIONS FDR FURTHER RESEARCH. 
6.1. Introduction. 
The model as developed in Chapter IV requires some more 
specification in order to account for all experimental 
data. Moreover, a further evaluation of the model is 
necessary, especially with respect to the correlations 
found in Section 4.3, which have not yet been fully re-
lated to the model. 
The criterion model, outlined in Chapter V, opens the 
possibility of comparing RT and Q learning curves in a 
more exact way despite individual differences as well 
as in dimensions of measured quantities. This is of im-
portance in assesing the contribution of each component 
to the learning process of the system as a whole. 
The model. 
The model, completed in Section 4.5 contains three func-
tional components: a stimulus analyser, a trigger direc-
tor and the motor programs. It has been demonstrated (Sec-
tions 4.4 and 4.5) that these components may function in-
dependently. 
It has also been demonstrated (Section 4.3 and 4.5) that 
6 .2 
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hor. left 
hor. right 
vert, up 
veri down 
Figure 26. The completed model; explanation see text. 
the signals from the trigger director to the motor programs are 
real trigger signals, because length of the reaction time inter-
val can have no influence upon the quality of the motor programs 
which in the present study has been defined as the quality of the 
initial movement of the 5. Consequently, reaction times cannot be 
considered to be programming times in the strict sense (see dis-
cussion in Section 1.9 also Sanders, 1970). Further, the impli-
cation this has for the speed-accuracy trade-off phenomenon (Sec-
tion 1.7) is that the trade-off observed must exist between the 
stimulus analyser and the trigger director. In Fig. 26 four dif-
ferent motor programs are indicated. It is clear, however, that 
up and dawn, or left and right movements cannot be executed si-
multaneously. These two pairs are mutually exclusive; this is in-
dicated in the model by a minus sign. 
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Also in Fig. 2 6 the input of the system is specified as visual 
and proprioceptive. This is because in the experiments the po-
sition of the hands on the knobs is an important clue. After, 
for example, a horizontal deflection to the right, the next 
horizontal deflection to be expected must be to the left; only 
the time of occurrence is not known. Therefore, the position of 
the hands serves as an excellent memory as to what direction the 
knob has to be turned the next time. With the exception of the 
children, almost all Ss confirmed the reality of this memory. 
It is likely that in the experiments of the present study the 
extra stimulation resulting from prop noeepsis has an important 
function in recoding the results of stimulus analysis. This can 
be demonstrated in the experiments on reversal learning. From 
Figure 17, p. 72 it can be observed that responses to single 
steps (both horizontal and vertical) are affected to a greater 
degree by a reversion of the compensation knobs than in the case 
for responses to diagonal steps. When a diagonal step occurs, S's 
response is determined only by the position of his hands on the 
knobs, since both knobs have to be turned. In the case of a 
single step he must still decide with which hand the response 
should be made. This decision making explains the longer duration 
of RTs to single steps. 
Turning back to Ejig. 14 on p. 67 it appears that, when diagonal 
deflections are presented, RTs for horizontal and vertical com-
pensation show a substantial correlation. This is to be expected 
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in the model, because the input has to be analysed simul-
taneously, at least partly so, for the horizontal and ver-
tical component of the deflection. This is an indication 
that incoming stimuli are processed simultaneously and not 
serially (see Section 1.5). 
Once the diagonal deflection has been dealt with by the 
stimulus analyser, the trigger director must trigger two 
different motor programs simultaneously. Therefore, the 
Qs for combined horizontal and vertical responses to dia-
gonal deflections should show little or no correlation. 
The small correlation between these Qs which is found in 
the experiments is not accounted for in our model. 
Figure 14 also shows a possible small negative correlation 
between individual RTs and Qs. This could be an indication 
that the components of the model are not really independent. 
It is, however, more likely that this small negative cor-
relation results from a negative monotonously increasing 
relation between RT and Q, because during the learning 
process RT decreases and Q increases. 
6.3. Components of the model. 
6.3.1 Stimulus analysis. 
In the present study, an attempt has been made to examine 
stimulus analysis by effecting a comparison between visual 
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Figure 27. Learning sequences of the aptitude to give a quick 
response with visual display and tactile display. 
for the tactile display, the compensations in the vertical 
dimension are inferior to those in horizontal dimension. 
See also Fig. 2B. 
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tracking performance and tactile tracking performance (see Section 
Λ.6.1 ) . 
In Figs. 27 and 2B on pp. 96 and 97 learning curves far visual 
and tactile tracking by single Ss are shown. As can be seen from 
these Figures, the horizontal and vertical dimensions in tactile 
tracking showed a surprising difference in performance, absent 
in visual tracking. With the tactile display, compensations along 
the horizontal axis are learned satisfactorily and performance is 
comparable with performance on the visual display. Tactile track­
ing on the forehead along the vertical axis, however, posed a pro­
blem for all 5s, which is demonstrated in both X_ T and X . Fluctu-
R I [J 
ations in X D T also remained large with the tactile display. Al­
though some 5s somewhat improved their tactile tracking performance 
as a result of instructions, it was clear that sensitivity far 
vertical position was lacking in responses to both single and dia­
gonal steps. The explanation for this phenomenon must be found in 
the poor analysing function of the skin sense with respect to de­
tection of vertical position. 
At the end of a learning session, fluctuations in responses with 
a tactile display are only about 2D percent larger than with the 
visual display; their properties therefore would be comparable 
were it not for the poor vertical position sense in tactile track­
ing . 
Despite the fact that the skin analyser demonstrates the importance 
of the analysing function very well, it would be preferable to be 
-9Θ-
able to manipulate the difficulty of tie analysing task. 
It might therefore be more profitable to study stimulus 
analysis within the same sensory mode. A way to do so is 
by changing dι s сrim ι η abil11y of the tracking stimuli, for 
instance by varying the angle of intersection of the two 
axes of tracking. 
6.3.2 The trigger director. 
The trigger director was selectively studied by revelling 
the two compensation knobs (Section 4.5.2). Apart from the 
visually presented deflections the results of this study 
point to the important role of proprioceptive stimulation. 
Experiments affecting only part of the trigger director by 
changing the polarity of one or both knobs yielded no con­
sistent results. 
For further experimentation on the trigger director it is 
essential that the influence of proprioceptive stimulation 
can be experimentally controlled. In the scope of the pre­
sent study this could not be attained. 
Effects of stimulus - response compatibility must be attri­
buted to this trigger director component (bection 1.6). Up 
to now compatibility has been defined by its own effects. 
A further study of this component, taking into account 
Hick's Law may result in a better insight into the concept 
of compatibility. Besides measurements of stimulus - res-
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ponse compatibility, expressed in measurement scales de­
rived from the criterion model, will certainly result in 
a better definition of the measured quantity. 
In the results о * the experiments, no influence could be 
perceived from a "natural" or a priori compatibility; 5s 
also had no expectancy, which was not based on learning 
in the experiments, concerning the relation between di­
rection of turning the knob and the corresponding move­
ment of the light dot. 
6.3.3 The motor programs. 
Experiments on the motor programs (Section 4.6.3) have 
demonstrated that they can be modified very easily. 
Changes in experimental variables, affecting the motor 
programs, were made up for in a very few trials. 
In Section A.A Q learning was made η on с о in с ιdent with RT 
learning. Q learning curves obtained in this condition 
show a much greater acceleration than Q learning curves 
in the normal learning condition, i.e. coincident with 
RT learning. Measurements under stress conditions also 
demonstrated that partial tasks show lower learning rates 
when embedded in a more complex response task. This seems 
to be a general phenomenon which cannot be explained so 
easily. 
For a further investigation into the motor programs it is 
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necessary to adapt the experimental set-up in such a way 
as to slow down motor learning. 
In measuiing the quality of the motor programs Q values 
have been employed. A Q value contains both speed and 
accuracy of the measured motor response (Section 3.2); it 
might be profitable to make this measurement more analy-
tical. Eenier van de Gon et al. (1969) observed that the 
signals fed to the muscles during movement have an all-
or-non character, only determining the magnitude of its 
torce. There are also indications (Metz, 1970) that 
during movement learning there is a change in the proper-
ties of these neural signals. Therefore, a combination of 
both behavioral and electrophysiological measurements might 
prove to be fertile for a study of the build-up of motor 
programs. 
6.4. Experiments with delayed feedback. 
In Section 4.6.4 the results of experiments with delayed 
feedback are described. As was observed, Ss in this con-
dition showed either RT learning or Q learning but not 
both at the same time. This did not occur in any other 
condition in this study and it is the more surprising, be-
cause it seems to be in contradiction with all other ex-
periments employing delayed feedback. There is general 
agreement that feedback delay in discrete tasks has no in-
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fluence upon performance of human Ss, even if the delay 
is larger than in this study (Bilodeau, 1966; Irion, 1966). 
In Fig. 29 learning curves of two different 5s are shown, 
one S showing only RT learning whereas the other shows only 
Q learning. 
It has also been observed (Section 4.6.4) that in this con­
dition 5s have a preference for Q learning; if RT learning 
is demonstrated, this seems to have a lower rate compared 
to Q learning; this observation, however, may not be reli­
able because only three Ss showed RT learning. It would 
seem then that the delayed feedback affects RT learning to 
a greater extent than Q learning; the storage of the motor 
program would seem to depend less on the immediate feedback 
than RT learning does. It is tempting to relate the results 
of the experiments with delayed feedback to the results of 
the experiments with different motur tasks (Section 4.6.3), 
and especially to the observation that Q learning has a 
quicker rate when it is η on с о ineident with RT learning. In 
general Q learning seems to be less difficult than RT learn­
ing and to be less affected by a lack of feedback. 
6.5. Some remarks on the measurement of "mental load". 
In this study, a "stress condition" (Section 3.5) was used 
to experiment selectively upon components of the model (Sec­
tion 4.4). A similar experimental set-up is used in studies 
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on "mental load" (Section 1.B). In these studies it is observed 
that deterioration in the primary task progresses as a function 
of "being loaded" with the secondary one. At first sight, this 
seems contradictory to the experimental findings of this study, 
because all 5s in the "stress condition" were able to reach a 
performance level comparable to that of 5s in the normal learn-
ing condition, A number of experiments have been undertaken to 
try to remove this discrepancy; a full description of these ex-
periments, however, is beyond the scope of the present study; 
their results will be discussed briefly. 
In most studies on "mental load" trials are in general not spaced, 
If in the "stress condition", imposed on 5s naive to the primary 
task, no spaces between sessions are given, Ss are not able to 
learn the primary task. If the same condition is imposed on 5s, 
who already have learned both primary and secondary task separa-
tely their performance on the primary task does not differ from 
that of a naive 5. 
If, in the case of "stress condition" imposed on 5s naive on the 
primary task, sessions are spaced, the improvement attained in 
the primary task is to some extent a function of the amount of 
spacing . 
It is known that learning can only occur if trials are spaced to 
some extent. 
It is not unlikely, therefore, that the "capacity" of the "de-
cision channel" as determined in mental load studies depends to 
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a certain extent on the amount of learning which is at all 
possible m the experimental arrangement. 
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SUMMARY 
As mentioned in the Introduction, one aim of this study consisted 
of a functional analysis of a skills learning system by an attempt 
to distinguish different components. A review of the literature of 
Chapter I reveals that a s t ini ul us - r es ρ on s e chain is often thought 
to be built up of three components: a stimulus-analyser in which 
identification of the stimulus takes place, a res ρ on se-s el ее11 on 
component, selecting the appropriate response to a particular sti­
mulus, and a response component governing the response execution. 
However, most studies discuss only one component while assuming 
the others. Studies concerning choice reaction experiments appear 
to describe only stimulus-ana 1 ysi s ; response selection is not 
treated or is a p r i o n to these models. Moreover, in these models 
stimulus analysis components are often developed in order to ex­
plain the logarithmic relation between number of stimulus alter­
natives and reaction time, known as Hick's Law. The explicative 
power of these components is also evaluated in relation to this 
Law. Effects of stimu1us-res ρ on s e compatibility, however, which 
are known to affect the constant of Hick's Law, are attributed 
strangely enough to the response selection component. The relation 
which is generally assumed between stimulus analysis and Hick's 
Law, is shown to be indistinct. 
Studies on movement time and related problems, and studies on 
animal (loco-) motion agree upon the existence of a particular 
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type of mouement control, the motor program; according to this 
conception, movements are preprogrammed and, on a trigger sig-
nal, they are carried out without central processing of peri-
pheral feedback. At first sight, this motor program concept 
appears to be in contradiction with studies concerning the spee 
accuracy trade-off phenomenon, which demonstrate that length of 
the reaction time interval is related to the accuracy of the 
executed response. However, this apparent contradiction can he 
accommodated for if a distinction is made between accuracy of 
response execution and accuracy of response selection. 
There is no general agreement with respect to functional inde-
pendence of the components mediating between stimulus and res-
ponse. This is partly due to the fact that these components hav 
been studied each in a different experimental set-up. Therefore 
in the present study a two-dimensional compensatory tracking ta 
is chosen, which may yield the opportunity to demonstrate simul 
taneously the existence of each component and to study each com 
ponent separately. 
A review and evaluation of measuremEnt techniques of tracking 
behavior (Chapter II) revealed that the measurement techniques 
usually employed, such as single score measurements (e.g. pro-
portion time on target) or engineering measurement techniques 
(e.g. transfer functions) do not allow a functional analysis of 
the responding system; moreover, the latter are likely to a t t n 
bute to human subjects non-existent behavior characteristics. 
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Therefore, tracking performance in the present study is measured 
by means of reaction times and the quality of motor programs as 
defined by the initial movement of the subject. 
On the basis of the results obtained in a number of experiments 
(Chapter IV) on the responding system a model is constructed con-
taining three components, uiz., a stimulus analyser, a trigger 
director, and a number of motor programs. These components may 
function independently. The model appears to yield a valid des-
cription of the responding system. 
It is observed that during learning the system is able to reduce 
variance in the responses only to a limited extent. 
In order to compare learning curves of different subjects and 
learning curves with measured quantities in different dimensions 
in a more exact way a detection and decision thLory approuch to 
gradual learning processes is adopted (Chapter V ) . The resulting 
criterion model, which has some analogy to the Hull-Spence learn-
ing theory, not only removes difficulties in comparing different 
learning curves but also provides a valid description of the course 
of the learning process, taking into account fluctuations in res-
ponses . 
The results of selective experiments (Chapter IV) on the compo-
nents of the model are discussed in Chapter VI. 
A comparison between tactile and visual tracking learning demon-
strates the importance of stimulus analysis; there are also in-
dications that processing of incoming signals by the analyser is 
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simultaneous and not serial. Furthermore, proprioceptive signals 
resulting from position of the hands on the compensation knobs 
appear to play an important role in this analysis. 
The trigger director selects the appropriate response to stimuli 
by triggering the appropriate motor programs. From the fact that 
there appears to be no relation betweer length of reaction time 
and quality of motor programs, reaction times cannot be consider-
ed as preprogramming times in the strict sense. Compatibility 
effects are attributed to the trigger director. No influence could 
be demonstrated from "natural" or a priori compatibilities on ex-
perimental results. 
Experiments on the motor programs demonstrate that they can easi-
ly be modified; they also appear to be relatively unaffected by 
delayed feedback. 
It has been observed that tasks, when embedded in a more complex 
task, shew a lower learning rate than when executed independently. 
There is also some experimental evidence that the "capacity" of 
the processing channel, as it is generally determined in mental 
load studies, partly depends on the amount of learning possible 
in the under the prevailing experimental arrangements. 
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SAMENVATTING 
Het onderzoek heeft betrekking op het leren van s en s o-mot orι s eh e 
vaardigheden, in het bijzonder het leren van een twee-dimension el e 
tracking taak. Een functionele analyse van het systeem wordt ge­
maakt terwijl bovendien de rol van de componenten van het systeem 
in het leerproces nader wordt bepaald. 
Literatuuronderzoek toont aan dat als centrale componenten in de 
keten van prikkel (stimulus) tot reactie (responsie) meestal worden 
onderscheiden: een stimulus analysator, vervolgens een response-
selektie component en tenslotte een response executie component. 
Veel studies echter behandelen slechts één component en veronder-
stellen de andere. 
Experimenten op het gebied van keuze-reaktietijden beschrijven 
alleen de stimulus analyse en vaak zodanig, dat met deze component 
de 1 o g ar11h m ι sche relatie tussen de grootte van de к euζ e-reaktle-
tijd en het aantal stimulus alternatieven, de zgn. Wet van Hick, 
kan worden verklaard. Dit laatste is tamelijk merkwaardig omdat 
de constante in de Wet van Hick wordt beïnvloed door de compati-
biliteit die er bestaat tussen stimulus en responsie; in het al-
gemeen worden effecten van deze compatibiliteit aan een andere 
component, n.l. de res ρ on s e-s e 1ektie component, toegeschreven. 
Een bepaald type van response executie, het zgn. motorische pro­
gramma, is uit velerlei literatuur studies bekend. Door het 
"tnggeren" van één of meer motorische programma's kan een bewe-
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gingsreeks worden uitgevoerd zonder dat signalen uit de periferie, 
die betrekking hebben op die beweging, centraal moeten worden ver-
werkt. 
Er is in de literatuur geen overeenstemming met betrekking tot de 
funktionele afhankelijkheid van deze componenten; dit is waarschijn-
lijk gedeeltelijk een gevolg van het feit dat de verschillende com-
ponenten nooit tegelijkertijd met éénzelfde experimentele opstelling 
be e χ ρ erim e πte erd zijn. De twее-dim en s ι on ele compensatoire tracking 
taak lijkt hiertoe wel de mogelijkheid te bieden. 
De bij tracking meest gebruikelijke meettechnieken, zoals de enkel­
voudige score en technieken ontleent aan ingenieurswetenschappen 
(bijv. overdrachts fun к11 es) bieden niet de mogelijkheid tot een 
funktionele analyse van het systeem. Als metingen worden gekozen de 
к euζ e -re а к11 e11jd en de kwaliteit van het motorisch programma. 
Op grond van experimenten wordt een model geconstrueerd en gevali­
deerd; dit model bevat drie componenten: een stimulus analysator, 
een "trigger director" en een aantal motorische programma's. Deze 
componenten kunnen onafhankelijk van elkaar functioneren. 
Het blijkt, dat het systeem tijdens het leren de vanantie in de 
responsies in slechts beperkte mate kan verkleinen, 
Leercurves kunnen op een meer exacte manier met elkaar vergeleken 
worden als gebruik wordt gemaakt van meetschalen die worden 
ontleend aan een detectie- en decisie theoretische benadering van 
graduele leerprocessen; het uit deze benadering resulterende cri-
tenummodel houdt bovendien rekening met fluctuaties in de responsies, 
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De belangrijkheid van de stimulus analysator in de signaalver-
werking blijkt uit een vergelijking van de resultaten van tac-
tiele en visuele experimenten; er zijn bovendien aanwijzingen 
dat er sprake is van een gelijktijdige verwerking van de sig-
nalen. Ook de propnocepsis (spiergevoeligheid) blijkt een grote 
rol te spelen bij de signaalverwerking. De "trigger director" 
selecteert de juiste responsie bij bepaalde stimuli door het 
triggeren van motorische programma's. 
De reaktietijd kan m e t worden opgevat als een interval waarin 
responsies tevoren worden geprogrammeerd. 
"Natuurlijke" of a p r i o n compatibiliteit tussen stimulus en 
responsie blijkt geen invloed te hebben op de resultaten van de 
experimenten. De motorische programma's kunnen als gevolg van 
leren gemakkelijk worden gewijzigd; ze worden ook minder beïn-
vloed door een vertraging in de feedback. 
Taken blijken langzamer te worden geleerd wanneer ze deel uit-
maken van een meer complexe taak. 
Er zijn tenslotte aanwijzingen, dat de "capaciteit" van het 
signaal-verwerkingskan aal , welke wordt bepaald in studies om-
trent mentale belasting, mede afhankelijk is van de tijdens de 
capaciteits bepaling eventueel geboden gelegenheid tot leren. 
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s c h o o l g e s c h i k t zijn voor het ν . h . m . o . dit o n d e r w i j s uok i n d e r ­
daad gaan v o l g e n , kan w o r d e n b e t w i j f e l d . 
F. ъап H e e k , e.a., Het v e r b u i g e n t a l e n t , L e i d e n , 
1 9 6 Θ ; h f d s t . III E , p. 126-1 S 2. 
ü u u e r s en de b e r o e p s k e u z e van hun k i n d e r e n ; 
intern laf-port I.T.'j., M i j m e g e n . 
A.H. Boon van O s t d d p , Bcslissj.ngsprojekt; 
intern rdjport F s y c h o l . L a b . , M i j m p g c n . 
I I 
De h u i d i g e kritiek op de t o c s x u n u L v c r g e l i j k i n g van Van cel «/aals, 
die het v e r b a n d w e e r g e e f t tussen d i u k , volume en te'npcratuur van 
een gas is het gevolg van een h i ' t o i i t c h o n j u i s t e i n t e r p r e t a t i e 
van deze w e t , daar deze niet meer ( i L t e n d e L r d c te ¿ijn dun een 
k w a l i t a t i e v e v e r g e l i j k i n g . 
D u c l d u x , J., J. de L h i m e P h y s i q u e 
1967(Г,Л,ІІ)1674-167 . 
I I I 
H p ^ c L i e t i j d c n kunnen niet Λ ^ Ι ^ Ι Ί ^ ^^.~ als p r o g i a m m c p r t i j d e n 
in ci s t i i c L e zin van het wcjoid. 
Л ι t ρ г ο ι t e e h г ι f t . 
IV 
Een lerend systeem is slechte in beperkte müte in staat de v a n a n -
ties in zijn responsips te r^ducerLn. 
DX T proefschrift. 
V 
Het is onjuist de logaritmibche relatie tussen aantal stimulus al-
ternatieven en de grootte van de kLuz-e-rLoktictijd - de 7 . g . Wet 
van Hick - alleen te verklaren met behulp van een model voor sti-
mulus analyse. 
Dit proefschrift. 
VI 
Ergonomen dienen in ern zn vrucrj mögt· lijk btc_di 
worden bij de ontwikkeling van mens-m achine sys 
bestadnd systeem op giond van ergono miscl e kri 
gewijzigd, dan dient een dergelijke verar dering 
logisch begeleid te worden daar ook veiandering 
van betrokkenen noodzakelijk kunnen ¿ijn. 
VI I 
Het lü verheugend dat dooi de mu.'tbchjppij t- t-n
 w 11 ρ ri = groter 
beroep wordt gedaan oj de Lociale weten'ch=ippen om informatie te 
verschaffen bij beleid1", beslist in yen; dit hu mit rmdcizijdb htt ge­
vaar in dat zij daardoor worden geremd in de - η '-wikkeling v^n een 
wetenschapsbeleid op langere Lcrmijn. 
urn brtrokken te 
Lenen; indien eun 
cria muet worden 
socisül-psyc li ό­
ρη in uttitudes 
Vili 
De organisatorisch kunstmatig opgewekte scheiding tussen de ver-
schillende basisdisciplines in de gedrdgswetenschap, zoals fysio-
logie, biochtmie, biofysica en de experimentele psychologie is na-
delig voor een harmonische ontwikkeling van die gedragswetenschap, 
IX 
Zelfs indien men de doelstellingen van het bedrijfsleven louter 
economisch zou formuleren dan nog is de optimalisering van de so-
ciale vanablelen ten e.anzien van deze doelstellingen geenszins 
bereikt. 
Jachten van het meer-romp type (z.g. "multi-hulls") moeten in 
principe worden rjrr:cnL op z'n "inst je-lijkwuardig te zijn aan de 
meer ccnventioneie jachten met een enkele romp. 
A. van Assen 16 december 1971 



